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1 Introduction 
Osteoarthritis takes place as a result of joint wearing along with pain as a usual presenting 
feature. In extreme case of damage an artificial joint is implanted, that’s why this disease is 
responsible for more than 95% of joint and knee replacements. It has been estimated that 
around 120 000 total hip and 136 000 knee implants respectively are being implanted in 
Germany and UK annually.
[1-2]
 One of the major clinical problems related to the total hip and 
knee surgery is associated with prosthetic failure (Figure 1-1). There is a need of revision in 
cases where degradation of the implants occurs. A steady increase has been observed between 
1990 and 2002 for the revisions and the numbers are expected to increase rapidly.
[3]
 This has 
resulted in a burden on the healthcare system and there is need to improve the implant 
performance. Main focus is on the quality and lifetime of the implant to reduce both cost and 
painful procedures which a patient has to go through.  
 
 
Figure 1-1: (A) Prosthetic hip implants, (B) failure of ceramic femoral head[4] and (C) disrupted head of hip 
prosthesis* 
                                                 
* adapted from Dr. S. Ostermeier, Medical School Hanover 
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A common problem of failure is the breakdown of implants under repetitive loading cycles. 
The average life time of prosthetic devices is 10-15 years. This life time is even shorter in 
case of younger patients who are more active than older. Around 25% of the implants for hip 
and knee joint replacements need to go through second surgery as a result of premature 
failure.
[5-6]
  
Implant performance can be improved by the construction of new hybrid composite 
materials. Copper, chromium with ultrahigh molecular weight polyethylene material 
combination has been substituted by ceramics as an alternative for knee and hip total 
prosthesis for many years.
[7-8]
 Zirconia and alumina were used for orthopedic bearings; 
particularly the later one is by far the most widely used ceramic. The brittle nature of the 
ceramic material has proved to be particularly problematic, because it may cause catastrophic 
failure of the implants. Low fracture toughness of ceramics along with their susceptibility to 
failure by slow crack growth remains a concern for the reliability of such materials.  
The ideal implant must be able to withstand high cyclic loads for several decades without 
failure and must have reliable biocompatibility. For the search of a new class of materials 
which can fulfill high demands, hybrid materials are best choice. Many examples of such 
materials can be taken from nature where organic and inorganic building blocks are 
distributed on the macro molecular or nano scale. Generally the inorganic part contributes 
mechanical strength and structure to the natural objects and the organic counterpart ensures 
bonding between these building blocks. Well known examples of such materials are silk, 
antler, hedgehog spines, bone and nacre (mother of pearl).
[9]
 These materials are studied 
extensively by the researchers to copy the ideas as found in nature and transfer them to 
artificial materials in a so called biomimetic approach.  
Under the banner of collaborative research centre 599, “Sustainable bioresorbable and 
permanent implants of metallic and ceramic materials” sub project D9 “biomimetic ceramics” 
explores the possibilities of new biomimetic hybrid materials on the design principle of nacre. 
The choice for nacre was obvious because of the specific mechanical properties owing to the 
complex hierarchical structure of elastic organic and hard inorganic component. It was a 
collaborative effort which is explained schematically in Figure 1-2. Institute of Technical 
Chemistry (TU Braunschweig) in cooperation with Institute of Inorganic Chemistry (Leibniz 
University Hanover) were responsible to synthesize polymer and inorganic nano particles 
from which composite materials were prepared. The machinability and mechanical behavior 
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of new material can be tested at Institute of Production Engineering and Machine Tools 
(Hanover). The Department of Orthopedics at the Medical School of Hanover has conducted 
experiment regarding sliding, wear and fracture toughness of the nacre material. 
 
 
Figure 1-2: Schematic presentation of sub project D9 “Biomimetic Ceramics”* 
 
Natural hybrid materials are often characterized as “hard” biological substances which are 
stiff, resistant to crack and hard. These materials are formed by nature combining minerals 
into a soft protein network for example calcium carbonate in sea shells, hydroxyapatite in 
teeth and bones and silica in diatoms. The presence of mineral makes these structures 
100-5000 times stiffer than soft proteins as antler bone is 100 time stiffer than collagen and is 
made up of 30% of mineral.
[10]
 This means mechanical properties can be improved by 
increasing the mineral or inorganic content. However, higher mineral content makes the 
material fragile which is not the case as found in these natural materials. The key behind this 
better mechanical performance is the arrangement to form these structures. Natural 
composites have evolved over the years with features found from macro to micro to nano 
scale. The overall performance observed at the macro scale level is the result of the synergy 
of processes that are operational at several scales to transfer loads and stresses, distribute 
damage, dissipate energy and stop the crack. 
                                                 
* adapted from SFB 599 
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Hybrid material includes two moieties, organic and inorganic, combined at molecular scale. 
These materials can be classified depending on the type of interaction connecting the 
inorganic and organic species. Materials showing the weak interactions between the two 
phases like van der Waals, hydrogen bonding or weak electrostatic interactions belong to 
class I, while class II hybrid materials are those that show strong chemical interactions 
between the constituting components (Figure 1-3). 
 
 
Figure 1-3: Interactions typically applied in hybrid materials and their relative strength[11] 
 
Hybrid materials favorably combine the often dissimilar properties of both components into 
one material. This field is very creative because of the possibility of many combinations of 
the components with known and unknown properties. Changing composition at the molecular 
level leads to the modification of the material properties. Properties like toughness or scratch 
resistance can be tailored if hard inorganic nano particles are included into the polymer 
matrix.  
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1.1 Nacre 
Medical materials are one typical area of hybrid materials where while retaining 
biocompatibility, mechanical properties can be adjusted according to the requirement. Nacre 
is an exceptional hybrid material with its structure and related mechanical properties and 
taken here as model to mimic the construction of new material. Nacre has been tested for the 
suitability of the material to be used as an implant material. Modulus, bending strength and 
fracture toughness of nacre are compared with a synthetic alumina ceramic material.
[12]
  
In order to develop new methods for new generation materials a biomimetic approach is 
followed which investigates biological structures and establishes a relationship between 
structure and properties. Nacre shell is an attractive target for such a process with its inner 
nacreous layer composed of aragonite platelets and proteins. 
 
 
Figure 1-4: Abalone inner shell* 
 
An adult abalone shell is around 15-20 cm in diameter and composed of two layers. A brittle 
and hard layer lies on the outer side and is composed of large crystals of calcite while the 
inner layer “nacre” is 95% volume of aragonite and 5% volume of proteins and 
polysaccharides.
[13]
 Nacre is capable of dissipating energy via inelastic deformations while 
the outer layer is hard thus making the whole construction an ideal armor design. 
                                                 
* adapted from M. van der Meer, Leibniz University Hanover 
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The nacre is a layered composite structure of aragonite platelets of 200 to 600 nm thicknesses 
and 1 to 5 µm wide with bio-macromolecule such as hydrophobic proteins and chitin. The 
structure of nacre can be described as brick and mortar (Figure 1-5). 
 
 
Figure 1-5: (A) SEM of nacre[14], (B) fracture section of nautilus nacre (arrows showing interlamellar organic 
layer after etching[15] 
 
There is a very high degree of crystallographic texture characterized by a nearly perfect 
“c-axis” alignment normal to the plane of the tiles. The proteins laying in between aragonitic 
pseudo hexagonal platelets have not yet been fully identified. It is a mixture of different 
compounds rich in aspartic acid along with other amino acids.
[9]
 This organic thin film 
termed as matrix covers the inorganic component on all sides with great adherence to the 
inorganic phase as shown schematically in Figure 1-6. 
 
Figure 1-6: Schematic diagram of nacreous structure[16] 
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The complex layered structure of aragonite platelets and biomacromolecules is formed in the 
presence of soluble proteins, insoluble hydrophobic proteins and polysaccharides. Crystal 
habit, size and shape of the aragonite is controlled by the formation of pre organized sheets of 
organic matrices as presented schematically in Figure 1-7.
[17]
 
 
 
Figure 1-7: Schematic illustration of nacre growth[17] 
 
1.2 Mechanical Strength 
Nacre is special due to organic material arranged in a highly precise manner in combination 
with aragonite thus making it superior to most other artificial composite ceramics regarding 
stiffness, strength and toughness.
[18]
 Various reports have been published on the mechanical 
properties of the nacre and underlying mechanisms. First measurements of this kind were 
performed by Curry on a variety of bivalves, gastropods and cephalopods. He measured a 
fracture strength in bending varying between 56 and 116 MPa and described a stress strain 
curve of nacre in tension which indicates a linear (elastic) region until a sharp yield point at 
about 0.2% strain followed by failure at about 0.6% strain.
[19]
 Young’s modulus of 70 GPa 
and 60 GPa were obtained with dry and wet samples respectively by Jackson et al.
[18]
 
Similarly a tensile strength of 170 MPa was observed for dry and 140 MPa for a wet sample. 
Nacre has a work of fracture which is around 3000 times greater than that of aragonite which 
constitutes around 95% of the structure.
[19]
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The performance of nacre is controlled by mechanisms at the interface between the aragonite 
platelets particularly one generating resistance to shearing and hardening. Tensile stress is 
transferred via platelet through shear stress in the platelet overlapping regions. At the time of 
failure all possible sliding sites are activated as shown in Figure 1-8. 
 
 
Figure 1-8: (A) Schematic tablet sliding mechanism, (B) tensile specimen showing that all the potential sliding 
sites were activated[20] 
 
Deformations are spread over larger areas as higher stresses are required to slide platelets 
further, therefore, favoring the material to initiate new sliding sites. Under tensile stress the 
platelets interfaces start to yield in shear and the tablets slide on one another with local 
deformation. Once the sliding sites are exhausted, the material fails by pullout of the platelets 
which takes place after a local sliding distance of 100-200 nm. This mechanism is considered 
to be the main source of the superior mechanical properties and is unique to nacre.
[21]
 
A possible strengthening process is anchoring of the organic adhesive phase to the inorganic 
component. Unfolding of chains, breaking of cross links and perhaps permanent reorientation 
of the organic phase during deformation helps in the strengthening mechanism. An 
uncontrolled crack growth is prevented if a stress normal to the platelet plane is applied. This 
is due to the organic fraction that glues the crystals and shows high ductility.
[22]
 Importance 
of soft organic phase is clear as it plays a key role in alleviating impact damage to aragonite 
platelets
[23]
, however, Meyers et al. has reported importance of organic layer in the growth of 
the aragonite crystal, while having only a minor role in the mechanical strength.
[24]
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Another nano scale mechanism is due to the presence of nanoasperites on the opposed 
platelets surfaces. These nanoasperites provide frictional resistance against pull out of the 
tablets.
[25]
 
Waved surface of inorganic platelets in nacre progressively locks tablets sliding, making it 
more difficult to separate the tablets from their interfaces.
[10]
 The tablets must have to climb 
on each other’s waviness during the course of sliding. This results in an increased resistance 
to sliding and progressive platelet interlocking. Three dimensional finite element models 
based on the microstructure have proved the significance of waviness in nacre hardening 
mechanism.
[20]
 
Song et al. confirmed the existence of mineral bridges between aragonite platelets, distributed 
among the organic matrix.
[26]
 The presence of bridges reinforces the weak interfaces, such 
that the interfaces become just suitable for the crack to extend in itself.  Successive layers of 
aragonite are not simply laying one over another but there are interlocks present between the 
layers. Simulation by Katti et al. showed that the existence of such interlocking has 
significant role in the deformation behavior and the progressive failure of interlocks helps in 
limiting catastrophic failure.
[27]
 
Different mechanisms discussed above are depicted schematically in Figure 1-9. It is 
unknown, how much energy is dissipated and under what conditions they are triggered to 
operate by each of the above mentioned mechanisms. 
 
 
Figure 1-9: Nanoscale mechanisms controlling the shearing of the tablet’s interface: (A) asperities, (B) 
biopolymer stretching, (C) mineral bridges, (D) schematic waviness mechanism[10, 25] 
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1.3 Synthetic Nacre  
The technology transfer from nature to synthetic material is often called biomimetics, 
biomimicry or bionics. Artificial nacre has been prepared by different methods and scientific 
groups. In all approaches specific material which is found in nature is not copied, but only the 
architectural configurations and the material characteristics. The biggest hurdle lies in 
copying the architecture found at micro and nano scales in a way which allows the 
preparation of real, macro scale samples at reasonable cost. 
 
1.3.1  Bottom up Approach 
Researchers have dealt with the problem of mimicking nacre with the bottom up approach. 
This approach involves the use of organic macromolecules as template for inorganic crystals 
to nucleate and grow from supersaturated solutions. Crystal growth is either accelerated or 
inhibited by the presence of organic phase. This process is dependent on the functionality, 
molecular weight, concentration and density of functional groups on the polymer chains. 
Nacre mimicking structures can be produced in the presence of appropriate polymers with 
inorganic crystals. Composites of chitosan and polygalacturonic acid with hydroxyapatite 
have been synthesized by allowing precipitation of hydroxyapatite in the presence of these 
biopolymers.
[28]
 Layered hybrid films showing high tensile strength and ductile behavior have 
been synthesized based on a bottom up colloidal assembly of alumina platelets with 
chitosan.
[29]
 Gehrke et al. prepared nacre that looks morphologically similar with the help of 
amorphous precursor particles.
[30]
 These approaches are helpful, but in respect of design, 
orientation, material choice and constructing complex structures are not yet good enough. 
 
1.3.2 Layer-by-Layer Assembly  
Hybrid material can be build up by a simple but versatile technique called “layer-by-layer” 
(LbL) deposition. This method relies on surface charges and their interaction with counter 
ions. Different charges on the surfaces of inorganic and organic polyelectrolytes helps in 
constructing a hybrid inorganic-organic material. Typically, anionic charges on a flat surface 
can be used to deposit a polyelectrolyte which is positively charged. After polymer deposition 
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the original surface charge is overcompensated thus allowing to deposit a next layer of 
negatively charged inorganic building blocks (Figure 1-10).
[31-32]
  
 
 
Figure 1-10: Layer-by-layer deposition[11] 
 
Following the same procedure another layer of polymer is deposited and so on. This 
technique enables the sequential deposition of oppositely charged material to attain complex 
multilayer hybrid structures. An advantage employing this technique lies in the choice of 
building blocks which could be in the form of clusters, particles or platelets. In addition it 
allows the control of the layer thickness, composition and function. A wide variety of 
materials have been constructed with this technique.
[33-37]
  
LbL assembly can also be constructed by another simple technique called spin coating. It is a 
fast method to construct homogenous, thin films out of a solution on the surface of flat 
surfaces. An excess amount of the depositing material solution is dispensed on the substrate 
followed by spinning the substrate at high speed typically around 3000 rpm. Material is 
spread on the surface of the substrate under the influence of centrifugal force. A desired film 
thickness is achieved by high rotations during which the fluid is spun off the edges of the 
substrate. A big issue in this technique is repeatability as the film homogeneity depends on 
factors like evaporation rate of solvent, viscosity, solution concentration, rotation speed and 
time. Additionally this method is manual and therefore not optimal for the construction of 
thicker materials. 
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1.3.3 Electrophoretic Deposition 
Novel and complex material combinations can be achieved by the low cost approach of 
electrophoretic deposition.
[38-39]
 Charged nanoparticles are deposited in suspension upon 
application of an external electric field as presented in Figure 1-11. Nacre like composites 
have been prepared by Wang et al. utilizing electrodeposition of a clay dispersion in water 
containing poly(amic acid).
[40]
 
 
 
Figure 1-11: Scheme showing electrophoretic assembly to construct nanolaminated film[38] 
 
1.3.4 Controlled Freezing 
This method is based on the fact that, during the formation of ice, the solutes present in the 
water are expelled and are entrapped within channels between the ice crystals (Figure 1-12). 
Nacre like material can be prepared by this method using ceramic particles dispersed in 
water.
[41]
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Figure 1-12: Schematic controlled freeze drying[42] 
 
To construct ordered structures as artificial nacre, the freezing process has to be controlled 
very carefully thus the channels are ordered within the ice. In the first stage this method 
yields a very porous material which has to be processed further. This porous scaffold can be 
filled with an organic component thus resulting in a dense composite material.  
 
1.3.5 Centrifugal Deposition 
Chen et al. prepared hybrid nanocomposites from clay nanoplatelets and polyimide with the 
help of a centrifugal deposition process.
[43]
 Hydrophilic montmorillonite (MMT) was 
converted into hydrophobic MMT called organic MMT and dispersed with strong ultrasonic. 
The silicate was covered by imide monomers followed by in situ polymerization and layered 
deposition on glass substrate by centrifugation. As potential energy is minimized under the 
centrifugal force it helps to align MMT platelets parallel to the surface of the substrate. This 
procedure resulted in an ordered nanostructure with alternating organic and inorganic layers 
as depicted schematically in Figure 1-13. 
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Figure 1-13: Automatic alignment of clay platelets under the centrifugal force[43] 
 
1.3.6 Vacuum Filtration 
Yao et al. has recently introduced a simple, fast, time saving process as depicted in Figure 
1-14.
[44]
 Artificial nacre like nanocomposite film is prepared by mixing an aqueous 
suspension of exfoliated MMT and an aqueous solution of chitosan.  
 
 
Figure 1-14: Schematic diagram, vacuum filtration[44] 
 
Stirring of the suspension guarantees full adsorption of chitosan on MMT sheets. Both 
building blocks were aligned to a nacre like structure by self assembly induced by vacuum 
filtration. This method proved to be simple, fast and time efficient.  
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2 Biomimetic Materials 
2.1 Aim of the Thesis 
The goal of this study is the development of biomimetic materials based on the structural 
pattern found in nacre. This class of biomimetic materials shall be tested if their properties 
will allow the use in endoprosthetics applications like hip or knee joints. Traditional ceramic 
material used for this purpose show lower inelastic deformability despite their low wear level. 
Nacre is a hard and elastic composite material made up of biopolymers as elastic and 
inorganic particles as stiffer components. A special hierarchical arrangement of these 
components delivers special mechanical properties.  In our model system, inorganic part is 
found in the form of thin platelets that are aligned more or less in a parallel fashion. Organic 
matter controls the formation of these platelets during growth process. LbL deposition will be 
used to align the platelets and a polyelectrolyte is used to secure adhesion of the platelets.  
Firstly, different phosphonic acid or phosphonate functional (co-)polymers have to be 
synthesized which are capable of controlling the crystallization of the inorganic component. 
The polymers have to be optimized as nucleation controlling agent to obtain a platelet 
morphology for hydroxyapatite (HA) and zirconium hydrogenphosphate (ZrP). In order to 
control the composition of the copolymers, knowledge about the reactivity ratios of the 
constituting monomers is inevitable. Polymers which have shown crystallization control of 
inorganic components as platelets are to be used for the synthesis of inorganic component. 
Hydroxyapatite and zirconium hydrogen phosphate are considered as inorganic components, 
whereas former resembles component of natural bone while the later is known to have a 
layered structure and being biocompatible. Under the influence of synthesized phosphorous 
functional (co-)polymers, either nanoparticles of HA or platelets of ZrP are obtained and 
should be analyzed with SEM and XRD. 
As a next step a composite material shall be fabricated using ZrP platelets in combination 
with a cationic (anchoring) polymer. This has to be done with a dip robot according to 
layer-by-layer assembly in order to produce a hierarchical pattern as found in model system 
nacre. Additionally alumina in the form of platelets is used as inorganic part in the 
construction of a hierarchical material with an anchoring polymer functionalized with 
dopamine as found in the mussels. The hybrid composite materials need to be characterized 
by profilometer, nanoindentation, scanning electron microscopy, atomic force microscopy 
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and ellipsometry for the thickness, morphology and importantly associated mechanical 
properties. 
 
2.2 Thesis Organization 
In addition to the first chapter, which gave a brief introduction into ceramics as implant 
materials, and nacre as biomimetic model for materials with a micro structure, which is the 
basis for a strengthening mechanism, the thesis comprises seven chapters. Some of them are 
publications submitted or already published.   
The third chapter “Characterization Methods” is devoted to the experimental techniques 
used to elucidate the composite materials structure and mechanical properties. 
Chapter 4 “Synthesis, Characterization, Monomer Reactivity Parameters and Thermal 
Properties of Phosphonate and Phosphonic Acid Functional Copolymers” deals with the 
synthesis of copolymers of phosphonic acid or phosphonate ester monomers with different 
comonomers, determination of the reactivity parameters, and their thermal degradation 
behavior. 
Chapter 5 named “Polymer Tailoring” describes synthesis of bisphosphonic acid and 
incorporation of these functional groups to commercially available cationic polymers. 
Additionally tailor made polymers are synthesized with phosphate and phosphonate ester 
functional groups. 
The next chapter 6 “Synthesis of Inorganic Particles under the Influence of Polymer 
Additives” summarizes the controlled crystal growth of -Zirconium hydrogenphosphate 
hydrate and hydroxyapatite under the influence of polymers discussed in chapter 4 and 5 as 
these are capable of interacting with the surface of inorganic growing crystals. These 
crystallization experiments have been performed by B. Hering within the project 
collaboration. 
Chapter 7 “Preliminary Dipping Experiments” describes the fabrication of composite 
materials according to LbL assembly as model system to check the suitability of different 
applied analytical methods for the composite construction, characterization and its 
mechanical properties.  
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Chapter 8 “Fabrication and Characterization of Biocompatible Nacre-like Structures from 
α-Zirconium hydrogenphosphate hydrate and Chitosan” has been published in J. Colloid 
Interface Sci.
*
. The co-author B. Hering has contributed with the synthesis of inorganic 
platelets and SEM while Z. Burghard and J. Bill have performed the nanoindentation. 
P. Behrens and H. Menzel were the supervisors of this work. This chapter discusses in detail 
the experimental results obtained for the LbL assembled composite material from chitosan 
and α-zirconium hydrogenphosphate hydrate. Results are discussed regarding different 
concentrations and pH of the constituting components for the composite growth. 
Furthermore, the elucidation of the mechanical properties is described. 
Chapter 9 “Nacre Inspired Assembly of Organic- Inorganic Composites, Characterization 
and Mechanical Properties” highlights the results based on a new system of LbL assembled 
composite material. Growth of the composite with additional layers and the mechanical 
behaviour for this nacre like biomimetic material is discussed. 
 
                                                 
*
 Waraich, S. M.; Hering, B.; Burghard, Z.; Bill, J.; Behrens, P.; Menzel, H., J. Colloid Interface Sci., (2012) 
367, 74. 
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3 Characterization Methods 
Composite materials are substituting the conventional materials because of their comparable 
and even better performance. The mechanical, chemical, and structural properties of these 
materials are very important for the next generation materials. The fabrication of new 
materials requires a critical process of characterization. Thin films are very important for 
their industrial use in different areas like optics, electronics, medicals and as future new 
hybrid materials. These new material are constructed in smaller dimensions and as complex 
hierarchical geometries. This mode of construction requires analytical methods which 
provide knowledge of material at this scale. Within this chapter, underlying principles for 
characterization techniques used in this work are described. These techniques are capable of 
measuring the mechanical properties, thickness, degradation behavior and structural details of 
the deposited films. 
 
3.1 Nanoindentation 
Nanoindentation is one of the methods used widely for measuring the mechanical properties 
of materials in small dimensions. This technique is specially used in situations where 
traditional methods cannot be applied for the evaluation of mechanical properties. 
Tensile testers are employed to determine elastic modulus, stress and strain values for bulk 
samples. However, it is very difficult to evaluate mechanical properties of thin films, 
especially when attached to bulky surfaces. Nanoindentation has been applied for such 
situations quite successfully. 
Conceptually it is based on pushing a tip of known geometry into the surface under 
investigation. After reaching a predefined maximum load, it is reduced until complete 
relaxation occurs. The surface of material is indented with the same procedure many times. 
High resolution sensors and actuators measure precisely load (P) and displacement (h) during 
the course of pushing in and withdrawing from the material. From this data the load and 
displacement curve is constructed as given exemplary in Figure 3-1. Making use of 
established models, mechanical properties can be determined. 
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Figure 3-1: Typical load-displacement curve obtained from indentation and area under the indenter tip* 
 
Important parameters measured are given in Figure 3-1, where Pmax is the maximum load and 
hmax corresponds to the distance at maximum load. The slope S = dP/dh corresponds to the 
elastic unloading stiffness. During the indentation process, both elastic and plastic 
deformations have occurred. A steeper unloading curve indicates a larger modulus. Material 
resistance against the penetrating probe is shown by the loading curve with both elastic and 
plastic properties. On removal of the load from the indenter, the material recovers elastically 
thus presenting the unloading curve. 
From these load-displacement curve different mechanical properties can be evaluated.
[1]
 
Typically, hardness and Young’s modulus of the material can be calculated from the curve. 
Hardness is measured as maximum load applied divided by the projected contact area.
[2]
 
  
     
  
 
Where 
H hardness 
Pmax maximum loading 
Ac area of the tip in dependency on the contact depth (area function) 
                                                 
* adapted from Z. Burghard, Max Planck Institute for Metal Research Stuttgart 
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The reduced elastic modulus is calculated as follows: 
   
  
    
   
Er Reduced modulus 
S contact stiffness       
From this value Young’s modulus can be calculated according to the equation: 
 
  
 
     
  
  
 
     
  
  
 
In the above equation   
  and    denote the Poisson ratio and Young’s modulus for the 
indenter material supplied by the manufacturer whereas   
  and   represents Poisson ratio 
and Young’s modulus for the sample. 
This mode of measurement is very sensitive to the substrate influence on which indentation 
takes place, particularly for indentation depths larger than 20% of the total thickness of the 
sample under observation.
[3]
 For the same reason it is advisable to restrict measuring depth 
within 10-20% of the overall sample thickness. 
In order to determine the above mentioned parameters, is important to know the exact contact 
area (Ac) and this requires exact knowledge of the shape of the indenter being used. Various 
models are suggested for the calculation of contact area from the geometry of indenter and 
P-h curve. However, the method suggested by Oliver and Pharr is most frequently used and 
will be applied here too.
[2]
 
There is a wide variety of indenter tips with different geometries and advantages available. 
They include cube corner, cone, sphere, vickers and berkovich as shown in Figure 3-2. To 
obtain reproducible and reliable results, the indenter type is selected depending on the 
sample.  
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Figure 3-2: Indenting tips (a) Berkovich, (b) Vickers, (c) cube corner, (d) cone, (e) sphere[4] 
 
The Berkovich type indenter with a trigonal pyramidal geometry is most frequently used. The 
included angle is 142.3° with a radius of curvature around 150 nm. This indenter type can be 
used for films of thickness greater than 100 nm. Cube corner indenter with an included angle 
of 90° and average radius of curvature from 40-100 nm are suitable for ultra thin films of 
thickness less than 100 nm. Spherical or cono-spherical indenters do not have a very low 
radius of curvature in comparison to other types and are used in the analysis of soft polymeric 
or biological samples.
[5]
 All measurements in this work were performed with Berkovich 
indenters whose sharpness can be exploited to analyze rough surfaces in a better way in 
comparison to other types. 
Even very sharp indenters are not perfectly sharp at the end of their tip which has to be taken 
into account during the indentation process at smaller depths. This is important to calculate 
the area function (Ac) which is a function of the distance from the end of the indenter, the 
contact depth (hc). The tip shape area function can be represented as follows; 
         
Contact area (Ac) can be related to contact depth (hc) by the tip calibration function as given 
below; 
       
             
The values of C0, C1 and C2 can be determined empirically using load-displacement curve of 
fused quartz.
[6]
 A typical indentation on the surface of a composite material is shown in 
Figure 3-3.  
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Figure 3-3: AFM image of Berkovich indenter (A) indentation array, (B) single indentation[7] 
 
This method of calculating hardness and Young’s modulus has been applied to a variety of 
solid supported materials (films) such as metal oxide coatings
[8]
, transition metal nitrides 
layers
[3]
 and films of polyelectrolytes.
[9]
 
In Figure 3-4 a nanoindenter is presented schematically. Force is applied through 
electromagnetic actuation from the top with the help of a system of a coil and a magnet. In 
other systems force can be applied via electrostatic actuation. Besides pushing the indenter 
with a known force, it is necessary to determine the displacement accurately. This is done by 
a capacitance displacement gage. 
 
 
Figure 3-4: Schematic of a nanoindenter, for explanation see text[10] 
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The gage is a parallel plate capacitor with constant voltage and plate area. When indenter 
moves from the top, distance between the fixed plates of the capacitor changes. This 
movement is responsible for the change in current that can be related to the distance. As an 
alternative, laser beams can also be used to monitor any change in the tip position. 
Mechanical properties of the composite materials fabricated within this thesis were 
determined by Zaklina Burghard at Max Planck Institute for Metal Research Stuttgart with a 
nanoindenter XP from MTS Nano Instrument using a Berkovich indenter. 
 
3.2 Ellipsometry 
Ellipsometry uses polarized light to determine the thickness of thin films deposited on a 
surface. Modern instruments make it possible to determine thickness and refractive index of 
films with an ease without involving mathematics of the underlying principles. A very brief 
working principle is discussed here and for detailed mathematical and physical description 
the reader is referred to literature.
[11-12]
 
Light can be described as an electromagnetic wave with the electric and magnetic field vector 
being perpendicular to each other and to the propagation direction. Light is linear polarized 
when the electric field vector is oriented in one direction. Two such waves can be combined 
in phase leading to a circular polarized light. These waves can be combined out of phase 
resulting in an elliptically polarized wave. Thus every polarized wave can be described by 
two components of linearly polarized waves. This is the basis for ellipsometry.  
When linearly polarized light interacts with a surface it is resolved into parallel (p) and 
perpendicular (s) components. Due to a phase shift of the incident light at the transition from 
one medium to second medium the two components are reflected differently. The difference 
is dependent on the nature of sample under investigation like thickness, complex refractive 
index, and dielectric function. Δ and Ψ are most important parameters where Δ is the change 
in the phase difference between the perpendicular and parallel components of the incident 
light (δ1) and the reflected light (δ2). 
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Additionally there is a change in the amplitude presented by the angle Ψ with values between 
0° and 90° and whose tangent is the ratio of the reflectance for s- and p-polarized light. 
       
  
  
  
On reflection, change of the phase and amplitude of the polarized light are measured and by 
using following fundamental equation of ellipsometry 
        
  
  
 
and in combination with an adequate model for the material to be measured, thickness and the 
refractive index of the sample can be calculated.
[11-12]
 
 
3.3 Scanning Electron Microscopy (SEM) 
SEM is a non destructive topographical analytical tool with high resolution. It is preferred 
over the conventional microscope with resolution restriction due to the wave length of light. 
It is based on analyzing the surface with a beam of electrons generated by an electron gun 
cathode made up of a tungsten filament or LaB6 crystal (Figure 3-5). Electrons are 
accelerated in the presence of an electric field between the Wehnelt cylinder and the anode. 
After acceleration, the electron beam is focused within a depth of 1 to 10 nm by condenser 
lenses and astigmatism is corrected by coils. The electron beam passes through a pair of 
deflection coils which can move the beam in a xy plane over the sample called scanning. Any 
gas particles are removed from the chamber by evacuating the column. This helps to avoid 
any expansion of electron beam by impact on gas particles. The cross section of the 
layer-by-layer coated samples can be mounted perpendicularly on the object holder. To avoid 
high negative charge deposition the sample was coated with a thin gold layer of around 
30 nm.  
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Figure 3-5: Schematic of the vacuum chamber of a SEM[13] 
 
Due to elastic and inelastic scattering different emission products are emitted. Out of these, 
secondary and Auger electrons are with low energy of less than 50 eV. They are generated by 
impact ionization or the Auger effect. These electrons are deflected and amplified by a 
multiplier due to their weak electric field. Back scattering electrons are produced by elastic 
scattering processes and have high energy. Beside these types there are various other products 
produced during the electron beam impact at the sample surface as shown in Figure 3-6.
[13]
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Figure 3-6: Emission products of an electron beam in the SEM 
 
Secondary electrons and back scattered electrons are more frequently used for imaging the 
samples. Morphology and topographical details are elucidated with secondary electrons, 
whereas back scattered electrons are valuable for illustrating contrast in composition in 
multiphase samples as explained in Figure 3-7 for a metallurgical cross section of lead-tin 
solder. The solder separates out into two phases and the brighter areas in the backscattered 
image correspond to the lead phase of the solder. 
 
 
Figure 3-7: SEM image of solder 2500X (A) secondary electron image and (B) back scattered electron image[14] 
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Photons in the form of characteristic X-rays which are produced as a result of inelastic 
collision can be used for elemental analysis. The emission products mentioned above are 
detected by special detectors placed in the sample chamber leading to an electronic signal. 
The intensity of the detected signal is displayed on a monitor according to its brightness. 
 
3.4 Atomic Force Microscopy (AFM) 
AFM is a scanning force microscopy and measures different forces like attractive, repulsive, 
magnetic, electrostatic and Van Der Waals forces between a sharp tip of the instrument and 
the surface of sample. A detailed view of different types of forces at the tip is shown in 
Figure 3-8. A number of publications with detailed information are dedicated to this 
technique.
[13, 15-16]
 
 
 
Figure 3-8: Schematic of AFM tip with acting forces[13] 
 
Fundamentally, the sample surface is scanned with the help of an extremely small tip placed 
on a flexible cantilever. The size of tip is around 10 µm with radius of curvature ideally 
terminated only by a single atom. Depending on the instrument type a piezoelectric scanner 
moves the cantilever or the substrate as shown in Figure 3-9. 
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Figure 3-9: Schematic drawing of an AFM[13] 
 
During the scan vertical deflections of the cantilever are monitored and recorded by a laser 
beam on the photodiodes. These data points are converted into an image with the help of an 
imaging system. 
AFM can be used in different modes like contact mode where the tip is in direct contact with 
the surface and repulsive forces are dominant. In the non contact mode, the tip lies at a height 
of 5 to 10 nm from the surface and is oscillated on the cantilever. The attractive Van der 
Waals field is used in this mode and is useful for analyzing soft surfaces. In the tapping mode 
the tip touches the surface at each oscillation as the cantilever oscillates at its resonance 
frequency, resulting in temporary repulsive forces as found in the contact mode. The 
cantilever oscillation is reduced due to energy loss caused by the tip contacting the surface. 
The reduction in oscillation amplitude is used to identify and measure surface features. 
 
3.5 Profilometry 
A surface profilometer can be used to measure the vertical profile of thin film, wafers, solar 
cells, ceramics and surface finish coatings etc. In comparison to other film thickness 
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measurement techniques such as ellipsometry, interferometry or laser ultrasound 
spectroscopy this technique is simple and does not require very expensive hardware.   
The principle of this technique is rather simple. A diamond stylus is in contact with the 
surface and is moved laterally across the sample surface. Any change in the vertical height of 
the stylus is monitored and signals are transferred to show height with reference to scanned 
distance with very high precision and repeatability. In different instruments either the stylus 
moves or the surface of interest can be moved.   
 Although simple, this technique can measure thickness ranging in height from 1nm to 2 mm. 
Vertical resolution is an important factor to be considered with this wide range of thickness 
measurement. There is user adjustable vertical range setting that needs to be selected 
accordingly. In a similar way horizontal resolution is selected depending on the stylus size, 
scan speed and scan length. Another important parameter is stylus force which is selected 
depending on the stylus radius and material hardness. Using very high stylus force can cause 
plastic or elastic deflection of the testing material thus effecting repeatability. On the other 
hand a stylus with very low force can “hop” over large steps.[17] Stylus size can be from few 
nm to 25 µm radius used for different purposes. Although this technique looks similar to 
AFM, the sensitivity and working principle are different as shown in Figure 3-10.  
 
 
Figure 3-10: Schematic comparison of profilometer and AFM[18] 
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3.6 Thermogravimetry (TGA) 
TGA measures the weight loss or gain of a sample as function of temperature. It is used to 
determine the thermal stability and fraction of volatile components with reference to the 
weight change while heating. Therefore, the sample is heated in an inert gas or in air and the 
weight is monitored as a function of increasing temperature. The sample is typically heated 
from ambient temperature to 700 °C with an increment of 10 °C per minute. The maximum 
temperature is selected so that the sample weight is stable at the end of experiment. Drying, 
structural water release, decomposition, gas evolution etc can be measured from the obtained 
curve.  
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4 Synthesis, Characterization, Monomer Reactivity Parameters 
and Thermal Properties of Phosphonate and Phosphonic Acid 
Functional Copolymers 
 
4.1 Abstract 
Polymers containing phosphate or phosphonate groups are interesting because of their strong 
interaction with surfaces of inorganic materials. They are used to modify surface chemistry 
and to control crystal growth. Copolymerization with other monomers allows further 
adjustment of the properties. These copolymers are potential candidates for controlled 
crystallization of -Zirconium hydrogenphosphate hydrate. Copolymers of phosphonic acid 
or phosphonate ester containing monomers with different other monomers were synthesized 
by free radical polymerization and characterized by 
1
H- and 
31
P-NMR spectroscopy. The 
copolymer composition was evaluated from the N/C content as determined with elemental 
analysis. The reactivity values were determined according to the Kelen-Tüdos and Finemann-
Ross method. Beside almost alternating copolymers, there were monomer pairs with higher 
differences in the r-values. The average molecular weight was determined by GPC and all 
copolymers have a monomodal distribution. Additionally, thermal decomposition behavior 
was studied with TGA and copolymers with higher content of phosphorous monomers have 
shown lower mass loss up to 700 °C.  
 
4.2 Introduction 
By introduction of functional groups into copolymers new materials with tailored properties 
and specific applications are possible.
[1-2]
 Phosphorous containing polymers have attained 
attention because of their technological applications. Surface modification of metal oxide is 
possible with copolymers having phosphonic acid groups.
[3]
 Functional copolymers with 
phosphonic acid groups also found application as flame retardants, ion exchange resins and 
chelating agents for heavy metal salts.
[4]
 Adhesive and anticorrosive properties can be 
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enhanced by the use of copolymers of phosphonate and phosphonic acid containing 
monomers and methyl methacrylate.
[5]
 
Phosphonic acid functional copolymers have presented promising proton conductivity.
[6-7]
 
The level of energy efficiency in fuel cells is related to the velocity of protons that are 
transferred through fuel cell membranes. This required high proton transport efficiency is 
displayed by phosphonic acid functional copolymers and they have successfully been used as 
fuel cell membranes 
[8-10]
. Phosphonic acid copolymers being biocompatible and 
biodegradable have been proposed for use in tissue engineering and drug controlled 
release 
[11-13]
. A biocompatible organic-inorganic composite has been synthesized by 
reactions between tetracalcium phosphate and polyvinylphosphonic acid.
[14]
 Dental 
application is an area strongly dominated by phosphonate ester and phosphonic acid 
containing polymers because of the strong interaction with calcium containing minerals as 
found in teeth.
[15-16]
 
Copolymerization of phosphorous containing monomers provides the possibility of 
introducing different organic functionalities in addition to the phosphorous moiety. This leads 
to the design of copolymers with controlled composition which can be used for a particular 
application. Phosphorous containing copolymers are also used as CaCO3 and calcium 
phosphate (CaP) crystallization controlling agents.
[17-18]
 Copolymers of vinylphosphonic acid 
with 4-vinylimidazole have been used to influence the crystallization of hydroxyapatite.
[19]
 
Properties of the basic polymer chains can be altered by copolymerization to get desired 
properties. An important aspect of the copolymerization is to acquire knowledge of the 
reactivity parameters of the constituting components. These reactivity parameters are 
obtained by establishing the relationship between the compositions of the copolymers 
produced by different initial monomer concentrations.  In this report different phosphonate or 
phosphonic acid containing copolymers are synthesized by free radical polymerization and 
characterized by 
1
H- and 
31
P-NMR and elemental analysis. The copolymerization parameters 
were calculated according to Kelen-Tüdos and Finemann-Ross methods. 
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4.3 Experimental 
4.3.1 Materials 
Vinylphosphonic acid (VPA) (97%, Aldrich), acrylamide (AAM) (≥ 99%, Sigma), 
bromotrimethylsilane (TMSBr) (97%, Aldrich) were used as received. Ethyl 
2-[4-(dihydroxyphosphoryl)-2-oxabutyl] acrylate (EDOA), whose synthesis is described 
elsewhere was a kind gift from Ivoclar Vivadent, Liechtenstein.
[16]
 N,N dimethylacrylamide 
(DMAA, 99% Aldrich and 1-vinylimidazole (1-VI,  ≥ 99% Aldrich) were distilled under 
vacuum and 4-vinylpyridine (VP, 95% Acros) was dried by distilling from CaH2 prior to use. 
DMF (99.5%) and 1,4-dioxane (99.5%) were obtained from Acros and used as received. 
Millipore water with resistivity of 17 MΩ was used for all polymerizations. 
α,α′-azobisisobutyronitrile (AIBN, 98%, Acros), α,α′-Azodiisobutyramidine dihydrochloride 
(ADIBA, 97%, Aldrich), dibenzoyl peroxide (BPO, 75% Acros) and sodium persulfate 
(98%, Acros) were used without any further treatment. THF was distilled, while methanol 
and dicholoromethane (HPLC grade, Fisher Scientific) were used directly. Diethyl 
p-vinylbenzylphosphonate (VBP) and dimethyl (2-methacryloyloxyethyl) phosphonate 
(DMEP) were synthesized according to the literature.
[5, 20]
 Roth ZelluTrans dialysis tubes 
with a molecular weight cut off (MWCO) 12000-14000 were used for purification.  
 
4.3.2 Copolymerizations 
Poly (vinylphosphonic acid)-co-(acrylamide), p(VPA-co-AAM) 1 (see Figure 4-1) was 
synthesized by a method adapted from the literature with a slight modification in the amount 
of BPO as initiator.
[21]
 Vinyl phosphonic acid and acrylamide stock solutions (1.5M) were 
prepared in dioxane and copolymerization was carried out in capped tubes using different 
proportions of both monomers as shown in Table 4-1. For each polymerization reaction 
0.3 mol% of BPO with respect to the monomers was added and the mixture was purged with 
nitrogen for 30 minutes followed by polymerization at 80 °C. After the required time the 
polymerization was stopped, the contents of the polymerization mixture were dialyzed 
against distilled water followed by freeze drying of the copolymer. In all experiments unless 
mentioned, conversions were determined gravimetrically and restricted to less than 15% by 
adjusting the polymerization time accordingly. 
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1
H-NMR (D2O): δ = 2.9-1.1 (CH, CH2 back none) 
31
P-NMR (D2O): δ = 29.3 
 
 
 
Figure 4-1: Phosphorous containing copolymers 
 
In a similar way poly (vinylphosphonic acid)-co-(dimethyl acrylamide), p(VPA-co-DMAA) 2 
was synthesized from stock solutions (1.5 M) in water. For each polymerization reaction 
0.3 mol% Na2S2O8 was added as initiator and purged with nitrogen for 30 minutes followed 
by polymerization at 60 °C. Purification of the polymers was performed by dialysis against 
distilled water followed by freeze drying of the copolymer. 
1
H-NMR (D2O): δ = 3.4-2.4[(N-(CH3)2], 2.4-1.1 (CH, CH2 back none) 
31
P-NMR (D2O): δ = 29.4, 21 
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Table 4-1: Copolymerization data of VPA with AAM, DMAA and 1-VI 
System M1
a
 Conv.% m1
b
 
p(VPA-co-AAM) 1    
1 0.1 10 0.07 
2 0.2 12 0.15 
3 0.3 13 0.21 
4 0.4 14 0.27 
5 0.5 9 0.33 
6 0.6 14 0.42 
7 0.7 15 0.48 
8 0.8 13 0.57 
9 0.9 15 0.70 
p(VPA-co-DMAA) 2    
1 0.2 15 0.03 
2 0.3 13 0.05 
3 0.4 13 0.08 
4 0.5 14 0.15 
5 0.6 11 0.19 
6 0.7 14 0.29 
7 0.8 12 0.42 
p(VPA-co-1-VI) 3    
1 0.2 11 0.45 
2 0.3 7 0.48 
3 0.4 6 0.51 
4 0.5 7 0.55 
5 0.6 7 0.59 
6 0.7 7 0.66 
7 0.8 6 0.73 
a The mol fraction of VPA in feed. 
b
 The mol fraction of VPA in copolymer, obtained from elemental analysis. 
 
Poly (vinylphosphonic acid)-co-(1-vinylimidazole), p(VPA-co-1VI) 3 was prepared 
according to a method originally described for 4-vinylimidazole.
[22]
 Copolymers were 
synthesized from stock solutions (3.5 M) of both monomers in DMF. For each 
polymerization reaction 0.5 mol% AIBN was added as initiator and purged with nitrogen for 
30 minutes followed by polymerization at 60 °C. Isolated yellow colored precipitates were 
filtered, washed with DMF and dissolved in water acidified by adding an appropriate amount 
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of 2 M HCl until they are solubilized. Purification of the polymers was performed by dialysis 
against distilled water followed by freeze drying of the copolymer. Monomer concentrations 
in the feed and the copolymers synthesized are summarized in Table 4-1. 
1
H-NMR (D2O): δ = 8.7 (N-CH-N), 7.4 (N-CH), 2.9-1.0 (back bone) 
31
P-NMR (D2O): δ = 29 
Poly (ethyl 2-[4-(dihydroxyphosphoryl)-2-oxabutyl] acrylate-co-dimethylacrylamide, 
p(EDOA-co-DMAA) 4 was synthesized from stock solutions (1 M) of both monomers in 
water. For each polymerization reaction 0.3 mol% Na2S2O8 was added as initiator and the 
mixture was purged with nitrogen for 30 minutes followed by polymerization at 60 °C. 
Purification of the polymers was performed by dialysis against distilled water followed by 
freeze drying of the copolymer. Contents of the monomer incorporated within the polymer 
chains are depicted in Table 4-2. 
1
H-NMR (D2O): δ = 4.4-3.3 (CH2CH2O, CH3CH2O, CH2C-C), 3.3-2.4 [(N-(CH3)2], 2.4-1.0 
(CH2P, back bone H) 
31
P-NMR (D2O): δ = 22.5 
Poly (vinylbenzyl phosphonic acid)-co-(4-vinylpyridine), p(VBP-co-VP) 5 was synthesized 
from stock solutions (2 M) of both monomers in THF. For each polymerization reaction 
1 mol% AIBN was added as initiator and purged with nitrogen for 30 minutes followed by 
polymerization at 60 °C. Polymerization was terminated by precipitation in diethyl ether 
resulting in a white polymer. The products were filtered and dried overnight under reduced 
pressure at room temperature. Copolymers with conversion up to 44% were obtained. 
1
H-NMR (CDCl3): δ = 8.3, (2H, aromat. CH (4-VP)), 7.1 (2H, aromat. CH (VBP)), 6.3 (2H, 
aromat. CH (4-VP)), 6.3 (2H, aromat. CH (VBP)), 4.0 (4H, -O-CH2-CH3), 3.1 (2H, -CH2-P), 
1.6 (6H, -P(O)(OCH2-CH3)2 
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Table 4-2: Copolymerization data of EDOA and VBP with DMAA and VP 
System M1
a
 Conv.% m1
b
 
p(EDOA-co-DMAA)  4    
1 0.2 7 0.34 
2 0.3 7 0.52 
3 0.4 6 0.63 
4 0.5 4 0.73 
5 0.6 5 0.80 
6 0.7 3 0.86 
7 0.8 3 0.90 
p(VBP-co-VP)  5    
1 0.31 44 0.33 
2 0.50 24 0.46 
3 0.70 35 0.63 
4 0.85 25 0.79 
5 0.95 28 0.89 
a The mol fraction of EDOA and VBP in feed. 
b
 The mol fraction of EDOA and VBP in copolymer, obtained from elemental analysis. 
 
Poly (2-methacryloyloxyethyl) phosphonic diacid, pMEPD (Figure 4-2) was synthesized in a 
two step reaction. 
 
 
Figure 4-2: Synthetic scheme for methacrylic diphosphonic acid polymer 
 
In a 25 ml schlenk tube, 2.2 g (10 mmol) of dimethyl (2-methacryloyloxyethyl) phosphonate 
(DMEP) dissolved in a mixture of 6 ml methanol (HPLC quality) and 4 ml Millipore water 
were degassed with a stream of nitrogen for 30 minutes. Water soluble azo initiator 
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α,α′-azodiisobutyramidine dihydrochloride (ADIBA) 27.12 mg, (1 mol%) was added to start 
polymerization at 55 °C. After 18 hours the polymerization was stopped and the reaction 
mixture was dissolved in water and dialyzed against deionized water. Finally the polymer 
was freeze dried. The yield was up to 87%. The polymer was analyzed by 
1
H- and 
31
P-NMR.
 
In the next step the phosphonate ester polymer (pDMEP) 1.21 g, (5.4 mmol) was added to a 
100 ml three necked flask fitted with condenser. Polymer was dissolved by the addition of 
25 ml dichloromethane under nitrogen flow. After complete dissolution of the polymer, 2.15 
ml (16.3 mmol) of BrSi(CH3)3 was added dropwise with a syringe through a septum. The 
mixture was stirred at room temperature overnight. The solvents and volatile residues were 
evaporated resulting into a solid material. The dealkylation was realized by adding 15 ml of 
methanol and stirring at room temperature for another 12 hours. The residue was dialyzed 
and freeze dried to yield a white phosphonic acid polymer. The conversion was 92%.  
p(DMEP) 
 1
H-NMR (CD3OD): δ = 4.4-4.0 (-O-CH2), 4.0-3.6 [-P(O)(OCH3)2], 2.6-1.4 
(-CH2-P and –CH2-C(CH3), 1.4-0.43 (–CH2-C(CH3) 
31
P-NMR (CD3OD): δ = 32 
p(MEPD) 
 1
H-NMR (D2O): δ = 4.4-3.9 (-O-CH2), 2.6-1.4 (-CH2-P and –CH2-C(CH3), 1.4-
0.43 (-CH2-C(CH3) 
31
P-NMR (D2O): δ = 25 
 
4.3.3 Analytics  
The copolymers were analyzed by 
1
H- and 
31
P-NMR spectroscopy on a Bruker AM400 
instrument. The amount of monomeric units in the copolymer was determined from the 
carbon and nitrogen content via elemental analysis with Thermo Quest CE Instruments 
Flash EA 1112. Molecular weights were determined by GPC equipped with PSS Suprema 
columns (10µm pre-column) and DAWN DSP light scattering detector Wyatt (Santa Barbara 
USA) with water in presence of 0.01 wt% phosphate buffer pH 7.4 and sodium azide 
0.05 wt% at 40 °C. The thermal stability of the copolymers was investigated by 
thermogravimetric analysis performed with a Netzsch Thermal Analysis TG209 instrument. 
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4.3.4 Determination of the Monomer Reactivity Values 
Reactivity values were determined according to conventional linearization methods such as 
Kelen-Tüdos and Finemann-Ross method.
[23-24]
 As monomer with high reactivity is 
consumed sooner and the monomer mixture becomes progressively poorer in that monomer, 
the conversion in the copolymerization reaction was kept around 15%. However it is reported 
that the reactivity ratios can be calculated using Kelen-Tüdos method even at high 
conversions up to 50% which is an advantage over the other methods.
[25-26]
 
 
4.4 Results and Discussion 
Polymers containing phosphonate or phosphate groups are interesting because of their 
interaction with inorganic material surfaces. They are important because of their acidic and 
proton conducting behavior. The properties can be tailored by copolymerization with other 
monomers. Phosphonic acid containing monomers undergo copolymerization virtually with 
all vinyl monomers.
[27]
 To design a copolymer with desired composition, reactivity 
parameters play a central role and therefore, need to be determined. 
Vinyl phosphonic acid (VPA) is the simplest monomer with a phosphonic acid group and is 
commercially available. Water soluble and non-ionic acrylamide (AAM) was chosen for 
copolymerization which act as “diluent” to reduce VPA density along the polymer chain. The 
polymers of VPA with AAM were characterized by 
1
H- and 
31
P-NMR spectroscopy. Back 
bone hydrogen can be seen from 1.1 ppm to 3.0 ppm but no further signals are detected as 
there are no other active protons. In 
31
P-specta there is a major peak at 29.3 ppm which 
corresponds to the RPO(OH)2 groups. Although p(VPA-co-AAM) has been prepared 
earlier 
[21]
, no copolymerization parameters have been reported so far. Therefore, the 
compositions of the different copolymers were determined using elemental analysis and are 
summarized in  
Table 4-1. With the compositions as function of the monomer feed ratio the reactivity ratios 
can be determined using the method of Finemann-Ross and Kelen-Tüdos (Figure 4-3). 
 
4 Synthesis and Reactivity Parameters of Phosphorous Functional Copolymers 44 
 
Figure 4-3: (a) Kelen-Tüdos and (b) Finemann-Ross  plots for copolymer p(VPA-co-AAM) 1 
 
The r-values calculated from experimental data are r1(VPA)=0.20 and r2(AAM)=1.35 
respectively according to the Kelen-Tüdos method. These values are indicative of a preferred 
incorporation of the AAM compared to VPA. Copolymer microstructure is build up of longer 
AAM sequences and solitary VPA groups. 
Dimethylacrylamide (DMAA), another water soluble monomer, was used to substitute 
acrylamide for the copolymerization with vinylphosphonic acid. As the hydrophilic character 
of DMAA is less pronounced than for AAM, the copolymers of p(VPA-co-DMAA) 2 are less 
hydrophilic in comparison to the p(VPA-co-AAM) 1. Copolymers of VPA with DMAA were 
also characterized by 
1
H- and 
31
P-NMR spectroscopy. There are two main regions of the 
1
H-NMR spectra: 3.4 to 2.4 ppm due to the dimethyl group which are shifted downfield due 
to the presence of nitrogen atom attached directly to the methyl group, and 2.4 to 1.1 ppm due 
to the -CH- and CH2 backbone. It was possible to determine the content of each monomer 
from the 
1
H-NMR spectrum because of the well identified peak for the dimethyl groups. The 
composition determined from the 
1
H-NMR integral (not presented here) were close to those 
calculated from elemental analysis. Beside a major peak at 29.4 ppm in 
31
P-NMR, a minor 
peak around 21 ppm appeared. The minor peak can be attributed to the phosphonic acid 
group of residual monomer.
[14, 28]
 Additionally the formation of anhydride groups 
R(HO)OP-O-PO(OH)R bond could also result in a similar peak.
[29-30]
 
The composition of the copolymers elucidated by elemental analysis was used to determine 
the r-parameters. A prominent difference was found in the reactivity ratios of the two 
monomers; r1=0.29 and r2=7.63 for VPA and DMAA, respectively. This is indicative of very 
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high reactivity of DMAA in comparison to the co monomer, thus favoring the incorporation 
of more DMAA in the polymer chains in comparison to VPA. The copolymers obtained are 
poor in VPA content compared to the monomer mixture (see Table 4-1). 
Heterocyles such as vinylimadazole (VI) are interesting because of the nitrogen acting as 
strong proton acceptor resulting in protonic charge carriers. This property makes them an 
important candidate for the synthesis of anhydrous proton conducting polymer electrolytes.
[7]
 
The imidazole ring is part of an important amino acid “histidine” and unlike amines, it is not 
completely protonated at low pH and very active in donor acceptor and hydrogen bonding.
[31]
 
Combination of VPA with VI brings together acidic and basic units within a polymer chain. 
Copolymers of pVPA-co-4-vinylimidazole have been reported to control the crystal growth 
of hydroxyapatite, depending on the phosphorous content of the copolymer.
[19]
 These 
copolymers, therefore, might have a potential for controlled crystallization of other inorganic 
materials too. 
The copolymer composition was determined from the elemental analysis data (Table 4-1) and 
used to calculate the reactivity values. The r-values for p(VPA-co-1VI) 3 are r1=0.40 and 
r2=0.11 for VPA and 1-vinylimidazole  (1VI) respectively. For this pair of monomers both r1 
and r2 are less than one and roughly similar, which indicates that the system copolymerizes 
almost statistically with a tendency to be alternating. Each monomer has nearly the same 
ability to react with an active polymer chain. A comparable copolymer of VPA with 
4-vinylimidazole (4VI) has been reported however the authors have not mentioned r-values 
for this pair.
[22]
 The polymers are soluble in aqueous solution of HCl and their solubility 
decreases with increasing VPA content in the copolymer. This could be related to the 
formation of inter and intra molecular complexation due to the protonation of nitrogen in the 
imidazole ring forming imidazolium ion when copolymerized with VPA.
[22]
 A similar 
donor-acceptor interaction has been observed between imidazole and carboxylate in the 
copolymer of poly(1-vinyl imidazole-co-acrylic acid).
[32]
  
Ethyl 2-[4-(dihydroxyphosphoryl)-2-oxabutyl]acrylate (EDOA) is a water soluble, 
phosphonic acid monomer with hydrolytically stable bonds between the methacrylic and the 
strongly acidic phosphoric acid group. This monomer is capable of adhering to the dentine 
surface and dental replacement composite and therefore used as primer for dental 
applications.
[16]
 Being active towards inorganic ions, for example calcium, it is interesting to 
copolymerize it with another water soluble monomer like N,N dimethylacrylamide (DMAA). 
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The copolymers with different compositions and therefore different concentrations of active 
phosphonic acid groups can be tested for their efficiency as morphology directing agent in the 
crystallization of inorganic compounds. Spectra of a copolymer of p(EDOA-co-DMAA) 4 are 
shown in Figure 4-4. 
 
 
Figure 4-4: 
1H- and 31P-NMR spectra of p(EDOA-co-DMAA) 4 
 
The 
1
H-NMR spectrum exhibits the presence of the characteristic dimethyl amide protons 
from DMAA in the 3.3-2.4 ppm range. Signals from different alkyl protons of EDOA can be 
seen shifted downfield to 4.4-3.3 ppm due to the vicinity of the oxygen and the acrylic group, 
while the backbone protons are found between 2.4 and 1.0 ppm. A major peak is found at 
22.5 ppm in 
31
P-NMR spectrum for the phosphonic acid group. The composition of the 
different copolymers was determined by elemental analysis and is summarized in (Table 4-2). 
With the compositions as function of the monomer feed ratio the reactivity ratios can be 
determined using the method of Finemann-Ross and Kelen-Tüdos (Table 4-3). 
In this monomer pair the phosphonic acid containing monomer has a higher reactivity than 
DMAA and the r-values have resulted in 2.45 and 0.40 for EDOA and DMAA respectively. 
Copolymers are always with higher content of EDOA in comparison to the starting mixture 
composition because of their greater tendency to be incorporated within the polymer chain. 
The reactivity ratios provide a tool for the estimation of sequence of EDOA and DMAA 
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along the polymer chain. Longer sequences of EDOA monomer separated by very short 
sequences of DMAA are expected in the polymeric chains. 
Vinylbenzyl phosphonate (VBP) is a phosphonate ester and can be copolymerized with 
4-vinylpyridine (4-VP). Phosphonate ester of VBP can be hydrolyzed resulting in a 
phosphonic acid copolymer. Such phosphonic acid functional polymer are proton conducting 
polyelectrolytes
[33]
 while poly(vinylpyridine) is also proton conductive, but only in the 
presence of a proton donor.
[6]
 Thus an alternating copolymer with both monomers as donor 
and acceptor would be an ideal model. Polymers and copolymers of VBP can be also used as 
chelating agent for heavy metal salts, as fire retardants and as ion exchange resins.
[4]
 
Copolymer of VBP and 4-VP were prepared and characterized by 
1
H-NMR and elemental 
analysis. The 
1
H-NMR integral of the aromatic CH-groups next to 4-vinylpyridine nitrogen at 
8.3 ppm has been used for determination of the copolymer 4-VP content. For determination 
of the copolymer VBP content, the integral of the CH2-groups within the phosphonic acid 
ester group at 4.0 ppm as well as the integral of the CH2-group next to VBP phosphorus at 
3.1 ppm have been utilized.  
Values obtained from 
1
H-NMR perfectly matched with those data obtained from elemental 
analysis using the carbon to nitrogen ratio as presented in Table 4-2. As reaction conversions 
have been beyond values suitable for the Finemann-Ross plot this method has not been 
applied here. Determination of the copolymerization parameters according to the method of 
Kelen-Tüdös resulted in r1= 0.45 for VBP and r2= 0.58 for 4-VP, indicating that the 
copolymer add the monomers in a statistical manner with a tendency to be alternating. Based 
on previously described copolymerizations, Table 4-3 summarizes the calculated reactivity 
ratios r1 and r2 for all. 
 
 
 
 
 
 
4 Synthesis and Reactivity Parameters of Phosphorous Functional Copolymers 48 
Table 4-3: Comparison of reactivity ratios of monomer pairs by different methods 
System Method r1 r2 r1r2 
p(VPA-co-AAM) 1 KT 0.20 1.35 0.26 
 FR 0.18 1.31 0.24 
p(VPA-co-DMAA) 2 KT 0.29 7.63 2.21 
 FR 0.29 7.64 2.24 
p(VPA-co-1-VI) 3 KT 0.40 0.11 0.05 
 FR 0.43 0.15 0.06 
p(EDOA-co-DMAA) 4 KT 2.45 0.40 0.99 
 FR 2.22 0.28 0.62 
p(VBP-co-VP) 5 KT 0.45 0.58 0.26 
 
 
Copolymerization diagrams can be constructed from the experimental r-parameters (Figure 
4-5). The solid line in the centre represents ideal situation where reactivity ratios are 1 for 
both monomers. The experimental curves are lying above or below the ideal curve except for 
p(VPA-co-1VI) 3 and p(VBP-co-VP) 5, where both are initially above the ideal line until 
they cut it at certain point and then lying below the ideal line. 
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Figure 4-5: Copolymerization diagram according to r-parameters 
 
For curves either above or below the ideal line, the r-values are not close to each other and 
particularly higher than one whereas the second value is less than one, thus forcing the curve 
away from the ideal line. The bigger the difference in r-values, for example in case of 
p(VPA-co-DMAA) 2 is, the higher the deviation from ideal curve. To synthesize a copolymer 
with same monomeric composition, either a very high initial monomer ratio of VPA is 
required or feeding the batch continuously with VPA monomer during the course of 
polymerization.  
Poly(VPA-co-1VI) 3 has both values less than 1 with an azeotropic point at 0.6 where the 
monomer feed results in the formation of a copolymer with the same monomeric 
composition. The same is true for p(VBP-co-VP) 5, showing an azeotropic point at a 
monomer feed of 0.4. Poly (VBP-co-VP) 5 is characterized by a statistical incorporation of 
the monomers into the polymer chain and its copolymerization behavior is much closer to 
ideal behavior than for p(VPA-co-VI) 3. 
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Besides copolymers, also homopolymers of dimethyl(2-methacryloyloxyethyl)phosphonate 
(DMEP) and (2-methacryloyloxyethyl)phosphonic diacid (MEPD) were synthesized and 
characterized. These polymers are adhesion promoters for fluoropolymers and act as 
anticorrosive agents on the galvanized steel.
[5]
 Poly(2-methacryloyloxyethyl)phosphonic 
diacid (pMEPD) 7 was obtained via the dealkylation of the corresponding phosphonate ester 
(pDMEP) 6. In literature only copolymers of DMEP and MEPD with high content of MMA 
have been reported. The authors have discussed the difficulty of copolymerizing MEPD 
because of the condensation of the phosphonic acid group.
[5]
 We were also unable to 
homopolymerize MEPD directly from the monomer, however the synthesis by polymerizing 
DMEP followed by the hydrolysis was successful (Figure 4-2). 
1
H-NMR of phosphonate 
ester and phosphonic acid polymers are presented in Figure 4-6. 
 
 
Figure 4-6: 
1H-NMR spectra of p(DMEP) 6 and p(MEPD) 7 
 
The peak at (δ) 4.0-3.6 ppm corresponds to the protons of phosphonate ester group. In the 
spectrum of p(MEPD) 7 this peak cannot be detected, which indicates complete hydrolysis of 
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the methyl ester. Additionally the 
31
P-NMR spectrum of the p(DMEP) 6 exhibits one single 
peak at (δ) 32 ppm characteristic of a phosphonate ester while the resulting phosphonic acid 
shows a single peak at (δ)25 ppm (Figure 4-7). 
 
 
Figure 4-7: 
13P-NMR spectra of p(DMEP) 6 and p(MEPD) 7 
 
4.4.1 GPC Analysis 
Aqueous SEC was performed to evaluate the molecular weight and molecular weight 
distribution. SEC indicates a monomodal distribution. Two representative chromatograms are 
depicted in Figure 4-8. 
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Figure 4-8: Typical GPC curves of copolymers 
 
Molecular weight data for different copolymers is given in Table 4-4. 
 
Table 4-4: GPC results for different copolymers 
Sample M1
a
 Mn (kg/mol) Mw (kg/mol) PDI 
p(VPA-co-AAM) 1 0.3 115.7 177 1.53 
p(VPA-co-AAM) 1 0.5 90.2 121.2 1.34 
p(VPA-co-DMAA) 2 0.7 257.0 405.3 1.52 
p(VPA-co-DMAA) 2 0.8 101.3 141.7 1.40 
p(EDOA-co-DMAA) 4 0.4 258.5 329.1 1.27 
p(EDOA-co-DMAA) 4 0.7 115.6 238.7 2.06 
pMEPD - 342.1 427.0 1.25 
a The mol fraction of VPA and EDOA in feed. 
 
The molecular weight for one copolymer series decreases with increasing content of the 
phosphonic acid moieties. This might be due to the chain transfer properties of phosphorous 
functional monomers. A large number of organophosphorous monomers have been found to 
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be chain transfer agents due to the formation of stable conformations of the growing chain 
end with a greater proximity between the phosphoryl group of the penultimate unit and 
radical centre. Abstraction of radical takes place because of the possibility of intramolecular 
substitution, leading to the termination of the old chain and the generation of new one without 
the termination of the kinetic chain (Figure 4-9).
[27]
 
 
 
Figure 4-9: Chain transfer mechanism of organophosphorous monomer[27] 
 
As discussed earlier copolymers of VPA-co-1VI were soluble only in acidic water and 
molecular weight of these copolymers therefore could not be determined on the existing SEC 
system with a buffered eluent. 
 
4.4.2 Crystallization Control of -Zirconium Hydrogenphosphate Hydrate 
It is well-known that polymers, especially charged ones, are capable of influencing the 
morphology of inorganic crystals by interaction with charged building units, either by 
influencing the nucleation process, complexation equilibria in solution or by specific 
adsorption to crystal surfaces. -Zirconium hydrogenphosphate hydrate (-ZrP) possesses a 
layered structure so that the crystallization with a platelet-like morphology should be 
possible. The synthesized polymers were investigated if they can favour platelet morphology 
of α-ZrP if added as morphology directing agent in the ZrP crystallization. 
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Figure 4-10: SEM image of -ZrP synthesized under the influence of (A) p(VPA0.25-co-AAM0.75) 1, 
(B) pMEPD 7 
 
Addition of p(VPA0.25-co-AAM0.75) has resulted in nano-sized platelets of high aspect ratio 
(Figure 4-10A). The concentration of the copolymer was adjusted in a way that the number of 
zirconium cations to phosphonic acid groups of the copolymer (Zr/P ratio) was 9.4:1. 
Platelets obtained by this way can be dispersed by ultrasonication and used in the synthesis of 
nacre like organic-inorganic hybrid materials according to well known process of layer-by-
layer assembly.
[34]
 A change either in copolymer composition or in the ratio of Zr/P has 
resulted in unspecific particle morphology. In a similar experiment with p(VPA-co-DMAA) 
and p(EDOA-co-DMAA), thick aggregated platelets with a rough surface and low aspect 
ratio were obtained. Presence of pMEPD as morphology directing agent at Zr/P ratio of 5:1 
has resulted in small aggregated platelets with diameter of few hundred nanometres (Figure 
4-10B). A detailed description of the effects of the functional copolymers on the nucleation 
of -Zirconium hydrogenphosphate hydrate (-ZrP) and hydroxyapatite is given by 
Hering.
[35]
 
 
4.4.3 Decomposition Analysis 
As phosphonic acid containing polymers are used as flame retardants it was of interest to 
measure their degradation by increasing temperature gradually. The investigation of the 
thermal stability was performed by thermogravimetric analysis (TGA). Analysis was 
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conducted at a heating rate of 10 °C/min in a nitrogen atmosphere up to 550 °C followed by 
air up to 700 °C. 
All copolymers except p(VPA-AAM) were almost thermally stable up to approximately 
300 °C with slight changes in the mass. Beyond 300 °C a major mass loss took place until 
550 °C. The thermal stability for different copolymers was higher for higher amounts of 
phosphonic acid groups incorporated. TGA curves obtained for different samples are 
presented in Figure 4-11. 
 
Figure 4-11: TGA curves of synthesized copolymers (number at the end of copolymer represent sample 
according to Table 4-1 and Table 4-2) 
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4.5 Conclusion 
Phosphonic acid and phosphonate ester containing copolymers were synthesized. Their 
structures were verified with 
1
H- and 
31
P-NMR indicating the presence of both monomers. A 
series of experiments were conducted with increasing concentrations of the phosphorous 
monomer and restricted to low conversions. The reactivity ratios were determined by two 
different methods, which resulted in almost similar values. The r-values for p(VPA-co-1VI) 
and p(VBP-co-VP) indicate alternating monomer sequences and the corresponding 
copolymerization diagrams show azeotropic points at 60% and 40% VPA in the monomer 
mixture, respectively. The copolymers of VPA and EDOA with AAM and DMAA have 
resulted in significantly different r-values and thus copolymerization diagrams obtained were 
away from the ideal curve. The average molecular weight of the copolymer decreases with 
increasing content of the phosphonic acid moieties as measured by GPC. Copolymers with 
higher content of phosphonic acid were thermally more stable. These copolymers can interact 
with α-ZrP and act as morphology directing agent and thus can control the crystallization. 
Particularly a copolymer of p(VPA-co-AAM) has resulted in high aspect ratio platelets. 
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5 Polymer Tailoring 
For the synthesis of inorganic platelets, different types of phosphonic acid functional 
polymers were synthesized. The details of the synthesis have been presented in chapter 4. 
Beside this, further polymers were prepared by polymer analogous modification with 
phosphate and bisphosphonate groups. 
 
5.1 Modified Polyamines 
Poly (allylamine) (PAA) and poly (ethylene imine) (PEI) were modified with bisphosphonic 
acid. Bisphosphonates are unique with two bonds located on the same carbon atom. Some 
bisphosphonate are used for the treatment of several bone related diseases. This class of 
compounds is capable of interacting with calcium ions present in the hydroxyapatite, a vital 
bone component and is ultimately taken up by the bone where they influence the calcium 
metabolism.
[1-2]
 PAA and PEI were modified with a bisphosphonate in order to obtain 
polymers which might show strong interaction with hydroxyapatite to control the growth of 
mineral. A general reaction scheme for the modification of polyamine is given in Figure 5-1. 
A bisphosphonic moiety shall be synthesized first which will be added to polyamines by the 
activation of the double bond via Michael addition.  
 
 
Figure 5-1: Reaction scheme for the modification of polyamines 
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5.2 Experimental 
5.2.1 Synthesis of Ethenylidene Bisphosphonic Acid 
An unsaturated bisphosphonic acid ester was synthesized in a two step reaction starting from 
tetramethylmethylene diphosphonate 1 as reported in Figure 5-2.
[3]
 
 
 
Figure 5-2: Synthesis of tetramethyl ethenylidene bisphosphonate 
 
6.44 g (214.67 mmole) of paraformaldehyde and 3.15 g (43.08 mmole, 4.47 ml) of 
diethylamine were given to 124 ml of methanol in a nitrogen atmosphere. The mixture was 
warmed until it became clear. Contents were cooled to room temperature followed by the 
addition of 10 g (43.08 mmole) of tetramethylmethylene diphosphonate 1 with 2 hour 
refluxing. Methanol was removed and the resulting intermediate 2 was dissolved in 170 ml of 
dry toluene and 0.04 g of p-toluenesulfonic acid was added followed by 14 hours of 
refluxing. A Dean Stark trap was used to collect the methanol during refluxing. The crude 
product was diluted with 86 ml chloroform and washed twice with 13 ml of water. The 
organic phase was dried over magnesium sulfate and concentrated. Distillation of the crude 
product at 1x10
-2
 mbar (bp 98 °C) resulted in tetramethyl ethenylidene bisphosphonate 3 
(49%) as clear liquid.  
1
H-NMR (CDCl3): δ = 7.1- 6.8 distorted dd (H2C=), 3.7 distorted dd (12H, OCH3) 
13
C-NMR (CDCl3): δ = 150.3 (H2C=), 129.9 (PCP), 53.1 (OCH3) 
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31
P-NMR (CDCl3): δ = 16.1 
In the second step, dealkylation of the product 3 was performed by dissolving 6.73 g 
(27.52 mmole) of 3 under nitrogen in 165 ml of dry chloroform. Bromotrimethyl silane 
(29.14 ml, 220.2 mmole) was added drop wise while stirring within 72 hours. Reaction 
sequences for the synthesis of bisphosphonic acid starting from the corresponding 
bisphosphonate ester are shown in Figure 5-3. 
 
 
Figure 5-3: Synthesis of ethenylidene bisphosphonic acid 
 
The mixture was concentrated and the crude product was dissolved in 83 ml of methanol. The 
product was precipitated on addition of methanolic KOH solution, filtered and dried under 
vacuum. The white solid product was dissolved in water and stirred overnight with excess of 
amberlite cation exchange resin. The resin was filtered off and the solution was freeze dried 
to obtain ethenylidene bisphosphonic acid 5 as white solid with 78% yield. 
1
H-NMR (D2O): δ = 6.6 (H2C=) 
13
C-NMR (D2O): δ = 146.5 (H2C=), 139.2 (PCP) 
31
P-NMR (D2O): δ = 11.9 
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5.2.2 Modification of Polyamine with Ethenylidene Bisphosphonic Acid 
Bisphosphonic acid 5 (BP) was used to modify polyamine.
[4]
 Polyallylamine hydrochloride 
(PAA, Mw 15 000) 0.198 g (2.12 mmole) or polyethyleneimine (PEI, Mw 1800) were 
dissolved in 8 ml of water and passed through a column filled with strongly basic anionic ion 
exchange resin (Dowex
®
 550 A, OH), respectively.  
The solution was eluted until pH 8-10, having PAA or PEI as free base and concentrated to 
small volume.  Bisphosphonic acid 0.4 g (2.12 mmole) was dissolved in 5 ml of water and 
mixed with concentrated solution of the polyamine. The mixture was heated under vacuum to 
68 °C and further dried at 112 °C for 8 hours. After cooling, 13 ml of water and 0.37 ml 
(2.65 mmole) of triethylamine were added. The solution was stirred for 2 days. The polymer 
solution was filtered, diluted with 13 ml of water. To the solution 1.32 ml (15.9 mmole) of 
concentrated 37% hydrochloric acid was added followed by 22 ml of methanol. The modified 
polymer precipitated as white powder which was filtered and dried under vacuum. Samples 
with different amine/BP ratios were synthesized as given in Table 5-2 and Table 5-3 by 
adjusting the amounts of both components as required. Michael addition of BP to PAA and 
PEI is shown in Figure 5-4. 
 
 
Figure 5-4: Michael addition of BP to (A) PAA, (B) PEI 
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5.2.3 Modification of Polyvinyl Alcohol 
UV-PVA 
PVA modified with UV cross linkable acryl groups was synthesized according to the 
literature.
[5]
 In a 250 ml two necked flask fitted with condenser, 3 g (68 mmole) of PVA 
(88% hydrolyzed, Mw 88 000) was added to 60 ml of N-methylpyrrolidone (NMP). 
 
 
Figure 5-5: Synthetic pathway of UV active PVA[5] 
 
The flask was flushed with nitrogen and heated for 2 hours at 110 °C to dissolve PVA. The 
mixture was cooled carefully to 4 °C and 1.10 ml (13.6 mmole) acryloyl chloride, dissolved 
in 15 ml of anhydrous NMP was added drop wise. Reaction contents were stirred for 12 
hours at 4 °C followed by the precipitation of modified polymer in excess of methanol. 
Polymer was filtered and dried under vacuum with a yield of 87%. 
1
H-NMR (D2O): δ = 6.45-6.01 (H2C=CH), 4.06 (H2C=CH, PVA), 1.74 (H2C=CH, PVA) 
 
Polyvinyl Alcohol Phosphate 
For the synthesis of polyvinyl alcohol phosphate (Figure 5-6), a three necked flask equipped 
with condenser was loaded with 12 g of polyphosphoric acid, 40 ml DMF and 25.6 ml of 
tributyl amine. Reaction mixture was stirred until polyphosphoric acid dissolves completely. 
PVA (4 g) was added slowly with stirring and heated for 6 h at 120 °C under nitrogen 
atmosphere. The viscous solution obtained was cooled down and added to approx. 500 ml of 
ethanol. 
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Figure 5-6: Synthesis of poly vinyl alcohol phosphate 
 
Saturated NaCl solution was added drop wise to precipitate the polymer. The precipitate was 
redissolved in 300 ml of water and the pH was adjusted to 9-10 with 1N NaOH. The liberated 
tributyl amine was removed by evaporation under vacuum until a viscous solution was 
obtained which was filtered and dialyzed against de-ionized water. After dialysis the solution 
was concentrated and adjusted to pH 2 with 1N HCl. In the next step approx. 200 ml of 
ethanol was added followed by drop wise addition of saturated NaCl to precipitate the 
modified polymer. Finally, the precipitate was washed with 99.5% ethanol and dried under 
vacuum. This process resulted in poly vinyl alcohol phosphate with a yield up to 72%. 
1
H-NMR (D2O): δ = 4.68 (HC-O-P), 4.18 (HC-OH), 2.2-1.8 (CH2) 
 
5.2.4 Synthesis of Poly DMEP-co-DMAEMA 
2-(dimethylamino)ethyl methacrylate (DMAEMA) is commercially available and was dried 
and distilled before use. Dimethyl(2-methacryloyloxethyl) phosphonate (DMEP) was 
synthesized and purified under high vacuum with a yield of 20% as cited elsewhere.
[6]
 The 
copolymerization was carried out in THF with AIBN 0.1% as initiator (Figure 5-7). 
 
 
Figure 5-7: Copolymerization of DMEP with DMAEMA 
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Seven copolymers were synthesized with different monomer feed ratios. Stock solutions 
(1M) of both monomers were prepared in dry THF. Different amounts of monomers were 
used as mentioned in Table 5-1.  
 
Table 5-1: Copolymerization of DMEP with DMAEMA 
No. 
DMEP DMAEMA Copolymer 
mmole mmole Net(g) Yield% 
1 3.50 0.50 0.21 25 
2 3.00 1.00 0.46 56 
3 2.50 1.50 0.41 52 
4 2.00 2.00 0.41 54 
5 1.50 2.50 0.32 44 
6 1.00 3.00 0.12 17 
7 0.50 3.50 0.29 44 
 
Mixtures were flushed for 30 minutes with nitrogen to obtain inert atmosphere. AIBN stock 
solution was prepared by adding 0.8 mmole (0.131g) of azoinitiator to 10 ml THF. To each 
reaction tube 0.5 ml of the AIBN solution was added to start polymerization at 60 °C. The 
polymerization was terminated after 5 hours by dipping the reaction tubes in ice cold water. 
Resulting highly viscous thick solution was diluted with methanol in case of sample 1 and 2 
and precipitated in diethylether. Sample 6 and 7 were precipitated in cold petrol ether, filtered 
and dried under vacuum. All copolymers were redissolved in methanol, precipitated and dried 
until constant weight. 
1
H-NMR (CD3OD): δ = 4.6-4.3 (OCH2-CH2N), 4.3-3.9 (OCH2-CH2P), 3.9-3.7 [(-PO-
(CH3)2], 3.7-3.5 [(N-(CH3)2], 2.9-2.5 (–CH2N), 2.5-2.2 (-CH2P), 2.2-0.5 (back bone 
hydrogen) 
 
5.3 Results and Discussion 
During the synthesis of tetramethyl ethenylidene bisphosphonate 3, first step is a base 
catalyzed reaction of 1 with paraformaldehyde. In the next step, a double bond was 
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introduced by an acid catalyzed elimination of methanol which was collected in a Dean Stark 
trap to shift the equilibrium. Bisphosphonate ester 3 was treated with a silylating agent to 
enhance the reactivity of phosphonate groups towards hydrolysis. For this purpose, twice the 
required amount of bromotrimethyl silane was added for a complete dealkylation. In the next 
step, hydrolysis of the intermediate 4 was done in the presence of water and potassium 
cations were removed with ion exchange resin. The bisphosphonic acid modified product 5 
can clearly be differentiated from 3 by the absence of peak at 3.7 ppm in 
1
H-NMR. For these 
kinds of phosphorous compounds 
31
P-NMR is very helpful in characterization. Compund 3 in 
the ester form presented a single peak at 16.9 ppm which was shifted upfield to 11.9 ppm in 
case of corresponding acid 5.  
Ethenylidene bisphosphonic acid 5 was added to modify polyallylamine (PAA) via a Michael 
addition. This organic reaction is a useful method for C-N bond formation with a nucleophilic 
addition of a nucleophile to α,  unsaturated carbonyl compound.[7] A detailed mechanism for 
PAA-BP is given in Figure 5-8. 
 
 
Figure 5-8: Michael addition of PAA to BP 
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Here polyallylamine is nucleophile and ethenylidene bisphosphonic acid is the Michael 
acceptor. Nucleophilic attack from PAA takes place on the carbon of BP thus creating a 
bond between amine and carbon. The presence of Et3N abstracts one hydrogen from the 
amine and forms a triethylammonium salt. Hydrochloric acid precipitates as white material 
(Et3N.HCl) which was dissolved by the addition of MeOH leaving behind the substituted 
PAA-BP. Three samples of the PAA were substituted with different amounts of BP as given 
in Table 5-2. 
Table 5-2: PAA tailoring with BP 
Sample PAA/BP Yield% 
1 1 1 
2 1.18 36 
3 1.5 55 
 
A lower content of BP resulted in higher yield of the reaction. This observation is similar to 
the yield of other phosphonic acid copolymers discussed in chapter 4. Variations in the 
substitution degree of the PAA were performed to observe the effect (if any) on the 
nucleation of hydroxyapatite. 
31
P-NMR of PAA-BP documented a strong peak at (δ) 17.6 ppm along with a small peak at 
12.2 ppm characteristic of BP. The intensity of the peak for BP is very low in comparison to 
PAA-BP indicating a successful addition of BP to PAA. 
1
H-NMR was difficult to interpret as 
proton signals are overlapping thus making 
31
P-NMR an important characterization tool. 
Branched polyethyleneimine (PEI) was also modified with bisphosphonic acid in different 
ratios as presented in Table 5-3. A low molecular weight PEI (1800 g/mole) was used for the 
modification
[8]
 because the PEI and PAA modified with BP were soluble in water at pH 10. 
These modified polymers were tested as crystallization controlling agent to obtain platelets of 
either calcium or zirconium hydrogen phosphate. 
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Table 5-3: PEI tailoring with BP 
Sample PEI/BP Yield% 
1 0.85 82 
2 1.06 91 
3 1.27 85 
 
31
P-NMR for PEI-BP show peaks at 17 and 18 ppm beside a small peak at 12.2 ppm. The 
peak at 12.2 ppm is indicative of the presence of a small amount of BP as impurity while 
rests of the signals are indicative of an addition product of PEI with BP. As PEI used was a 
branched polymer and it is expected that addition reaction took place at primary and 
secondary amine as shown in Figure 5-4 and has resulted in different phosphorus NMR 
signals at 17 and 18 ppm. 
 
5.3.1 Cross linkable Polyvinyl Alcohol 
Polyvinyl alcohol is a versatile polymer which can be used in the preparation of composite 
materials with promising mechanically properties. A combination of PVA with 
montmorillonite has resulted in mechanically strong composites. An increase in tensile 
strength and stiffness has been observed by cross linking with Al
3+
 and Cu
2+
.
[9]
 
Poly vinylalcohol interacts with montmorillonite by hydrogen bonding which is consolidated 
by cross linking thus making this interaction even stronger. This phenomenon is helpful in 
the load transfer from the polymers matrix to the inorganic components. Exploiting hydrogen 
bonding, ultrathin layers of PVA and exfoliated graphene oxide have been fabricated with 
better mechanical strength in comparison to the constituting components.
[10]
 Classically, 
polyelectrolytes with high charge density are used in layer-by-layer assembly for the 
fabrication of a composite material. Although polyvinyl alcohol is uncharged, it is capable of 
producing strong composite materials in comparison to electrostatic interaction with clay 
particles.
[11-13]
 Podsiadlo et al. have reported ultra strong and stiff layered polymer 
nanocomposites of pVA/MMT that were cross linked with glutaraldehyde which forms 
covalent acetal bonds between hydroxyl groups of the PVA.
[11]
 These characteristics of PVA 
provoked the fabrication of composite with zirconium hydrogen phosphate platelets. PVA 
can be modified with acryloyl chloride which makes it UV active as shown in Figure 5-5. 
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5.3.2 Phosphonic Acid Functional Polymers 
Polyvinyl Alcohol Phosphate 
In addition to the phosphonate and phosphonic acid, a phosphate of poly vinyl alcohol 
(Figure 5-6) was synthesized. The aim of this synthesis was to test PVA-phosphate for 
inorganic controlled nucleation studied within the scope of the thesis by Britta Hering (ACI 
Hannover). PVA being uncharged was modified to be highly negatively charged by this 
modification. The reaction scheme followed was originally used for the conversion of 
polysaccharides and is generalized here to PVA.
[14-15]
 The degree of substitution was 
calculated from the integral at 4.68 ppm representing the protons with phosphate substituted 
groups and found to be 46%. This amount of phosphate functionality into the polymeric chain 
is considered to be sufficient to impart a negatively charged character. 
 
Poly DMEP-co-DMAEMA 
Dimethyl(2-methacryloyloxethyl) phosphonate (DMEP) was copolymerized with 
2-(dimethylamino)ethyl methacrylate (DMAEMA). DMEP is temperature sensitive and 
therefore requires distillation at reduced pressure in the range of 10
-3
 mbar. A typical 
1
H-NMR spectrum for the copolymer is presented in Figure 5-9 where signals from both 
monomeric units can be identified. 
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Figure 5-9: 
1H-NMR spectrum of p(DMEP-co-DMAEMA) 
 
The synthesized copolymers were subjected to dealkylation with bromotrimethyl silane and 
alcoholysis with methanol. However, this procedure resulted in a gel like cross linked 
material. This could be due to the instability of phosphonic acid groups as stated by Boutevin 
et al.
[16]
 The formation of a P-O-P link within the polymer has resulted in a cross linking 
reaction leading to a gel. 
 
5.4 Conclusion 
An unsaturated bisphosphonic acid ester was synthesized followed by dealkylation leading to 
an unsaturated bisphosphonic acid. Polyethyleneimine and polyallylamine were modified 
with different amounts of bisphosphonic acid via Michael addition and the reaction was 
verified by 
1
H- and 
31
P-NMR. Polyvinyl alcohol being uncharged was modified by phosphate 
groups to be highly negatively charged and the structure was verified by 
1
H-NMR. These 
polymers are candidates as crystallization controlling agent to obtain platelets of either 
calcium or zirconium hydrogen phosphate. A copolymer of DMEP-co-DMAEMA was 
synthesized with different ratios of both monomers; however, the dealkylation of DMEP to 
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phosphonic acid was not successful. Additionally a cross linkable PVA was synthesized and 
characterized by 
1
H-NMR. This kind of modified PVA is considered to be an interesting 
organic component in the synthesis of stiff composite materials according to layer-by-layer 
assembly. 
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6 Synthesis of Inorganic Particles under the Influence of 
Polymer Additives 
 
6.1 Introduction 
In nacre, aragonite crystal nucleation takes place via a protein assisted mechanism.
[1]
 Calcium 
carbonate nucleation was studied by the addition of artificial peptides and alginates which 
were capable of controlling the morphology.
[2-3]
 Different polymers synthesized and 
discussed in the previous chapters were used as morphology controlling agent for inorganic 
materials. A nacre like platelet structure was obtained in the presence of polyacrylic acid 
from potassium sulfate.
[4]
 In matrix controlled inorganic nucleation, crystal surfaces do not 
grow equally. Controlled by the presence of added macromolecules, the growth results in a 
specific morphology. A mineralization process under the influence of added polymers 
requires specific interactions to an inorganic mineral. 
Nucleation control using the synthesized polymers was investigated by Britta Hering at 
Institute of Inorganic Chemistry, Leibniz University Hanover. This chapter provides an 
overview of the synthesis of inorganic platelets which were used later in the fabrication of 
composite materials. 
 
6.2 Calciumphosphate 
Several polymorphs of calciumphosphate exist, showing different mechanical, chemical and 
thermal properties. They vary in the calcium/phosphate-ratio accounting for the solubility, 
which is an important factor concerning the application.
[5-6]
 
Various researchers have reported on controlling the morphology of calciumphosphate using 
different substances.
[6-9]
 CTAB (cetyltrimethylammonium bromide) was used to obtain 
spherical hydroxyapatite particles instead of needles during a hydrothermal synthesis.
[10]
 
Reaction time, pH and temperature are the parameters to tailor the morphology. The 
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influence of different types of additives on the crystallization of calciumphosphate has been 
summarized in a review article.
[6]
 
Hydroxyethylstarch substituted with L-3,4-dihydroxyphenylalanine (HES-DOPA) 
(Intermediate of which HES-DG was kindly given by A. Bertz
*
) was synthesized and used as 
additive in a hydrothermal synthesis. A detailed synthesis of the HES-DOPA is described in 
chapter 9. Calciumphosphate was selected as inorganic component for the synthesis of 
biocompatible composites. HES-DOPA could facilitate a change in the crystal growth of 
calcium phosphate in order to obtain platelets or structures similar to that found in nacre. 
Added polymer may act electrostatically with the growing surface of hydroxyapatite.
[7, 11]
 
The synthesis was performed according to an established method with slight modifications 
and replacement of CTAB with HES-DOPA.
[12]
 The addition of HES-DOPA had a 
considerable influence on the morphology of the resulting product depending highly on the 
concentration. 
Products with different Ca/DOPA ratios were investigated and interesting morphologies were 
found at Ca/DOPA ratio of 18:1 and 28:1. In Figure 6-1, SEM-images exhibit the 
morphology of such different calciumphosphates. At a ratio of 18:1, blocks were formed 
consisting of stacked thin lamellae. This morphology resembles the structure of nacre. For a 
lower amount of the polymer, comparable piles were observed, but the platelets were much 
thicker. 
                                                 
* Institute for Technical Chemistry, TU Braunschweig 
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Figure 6-1: SEM of products synthesized with HES-DOPA at Ca/DOPA-ratios of (A&B) 18:1 and (C&D) 28:1 
 
By decreasing the content of polymeric additive down to a Ca/DOPA ratio of 58:1 elongated 
crystals of hydroxyapatite were observed in contrast to the stacked lamellar structure 
observed at higher content of additives. A change in the concentration of added HES-DOPA 
not only resulted in different morphology but also different modification of calcium 
phosphate namely monetite and hydroxyapatite. Up to Ca/DOPA ratio of 28:1, monetite was 
formed. However, a further decrease in the ratio precipitated the most stable 
calciumphosphate form, hydroxyapatite, as shown in Figure 6-2. 
 
Figure 6-2: SEM image of hydroxyapatite with HES-DOPA at Ca/DOPA-ratio 39:1 
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These structural investigations were supported by XRD analysis of the products obtained at 
different times under different concentration of the additive. For detailed information on 
characterization and effect of reaction time on the morphological changes the reader is 
referred to the dissertation of B. Hering.
[12]
 
Calciumphosphate particle morphology is strongly affected by the presence of the anionic 
polyelectrolytes.
[6]
 Besides HES-DOPA, polyelectrolytes additives were used which resulted 
in different calciumphosphate morphologies as presented in Figure 6-3. Although platelet like 
structures as obtained in the presence of HES-DOPA were expected (Figure 6-1), all attempts 
with hydroxyapatite have resulted in different morphology. 
 
 
Figure 6-3: SEM images of HAP synthesized under the influence of (A) pMEPD Ca/P 2:1, (B) p(VPA0.29-
co-DMAA0.71) Ca/P 4:1, (C) p(VPA0.33-co-AAM0.67) Ca/P 9.7:1, (D) p(EDOA0.64-co-DMAA0.36) Ca/P 3.5:1 
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In the presence of pMEPD a porous material was obtained (Figure 6-3A). The pore size 
increases with an increasing polymer content as measured by nitrogen adsorption 
experiments. Maximum pore size was obtained at Ca/P ratio of 2:1, whereas no porosity was 
observed with polymer content lower than Ca/P ratio of 4:1. 
Copolymer of VPA with DMAA resulted in elongated needles at Ca/P ratio of 4:1 (Figure 
6-3B). With a lower concentration of copolymer particles of inconsistent morphology were 
formed. 
A copolymer of VPA with AAM resulted in porous structures up to Ca/P ratio of 12.9:1. 
A further decrease in the copolymer content leads to the disappearance of the porosity. A 
higher content of the copolymer resulted in bigger pore size. To see the effect of 
copolymerizing unit such experiments were performed with pVPA alone. This leads to the 
small, fine, aggregated needles thus showing the effect of second monomer on crystallization 
control. 
Long, thin needles of calcium phosphate were formed in the presence of 
p(EDOA-co-DMAA) at Ca/P 3.5:1. These morphologies are the result of the interaction of 
polymeric molecules to the growing crystal face. Modified polyamine with bisphosphonic 
acid and polyvinyl alcohol phosphate do not have any effect on the morphology when 
compared to experiment without any additives. 
 
6.3 α-Zirconium Hydrogen Phosphate 
α-Zirconium hydrogen phosphate (ZrP) possesses a layered structure and a controlled 
crystallization in the form of platelets is very likely.
[13-15]
 Being biocompatible, ZrP has 
already been used on titanium and metal oxides resulting for enhancement of the mechanical 
properties.
[16-18]
 It is well-known that polymers, especially charged ones, are capable of 
influencing the morphology of inorganic crystals by interaction with charged building units, 
either by influencing the nucleation process, complexation equilibria in solution or by 
specific adsorption to crystal surfaces. Polymers containing phosphate or phosphonate groups 
have been used extensively for controlling the formation of different calcium phosphates and 
other calcium-containing minerals. Also in biological systems, nucleation of ionic 
biominerals is often controlled by proteins or polysaccharides carrying anionic groups.
[19-20]
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Tailored synthetic polymers with anionic phosphonate groups –P(=O)(O-)2 have been 
evaluated for calcification experiments.
[21]
 For the synthesis of α-zirconium hydrogen 
phosphate with high aspect ratio, the nucleation controlling property of phosphonic acid 
functional homo and copolymers as additives was exploited. Different (co-)polymers used in 
this study are depicted in Figure 6-4. The crystallization experiments with these polymers 
synthesized in this work have been carried out by B. Hering.
[12]
 
 
Figure 6-4: Polyelectrolytes used as additives in the synthesis of α-ZrP 
 
Before synthesizing α-ZrP in the presence of polymers, a synthesis without any additive was 
performed. The resulting particles were partly aggregated and have different sizes  
(see Figure 6-5). 
 
Figure 6-5: SEM images of -ZrP synthesized without any additive 
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The addition of (co-)polymers had a considerable influence on the morphology of the 
resulting products. The crucial factors are the chemical structure of the additives and their 
concentration.  
For pVPA-co-AAM, different copolymer compositions were used as additives. Figure 6-6 
shows SEM images of -ZrP samples synthesized under the influence of pVPA-co-AAM at 
different Zr/P ratios. It is obvious that the higher Zr/P ratio of 9.4:1 led to the formation of 
platelets of a diameter between 200 and 400 nm and high aspect ratio, whereas a higher 
concentration of the copolymer (Zr/P ratio of 4.7:1) resulted in unspecific particles 
comparable to those prepared without additives shown in Figure 6-5. Platelets (Figure 6-6A) 
can be dispersed by ultrasonication to makes a stable suspension of the inorganic platelets 
that can be used for the fabrication of composite material. 
Furthermore it was observed that not only the content of phosphonic acid is important but 
also the monomer ratio within the copolymer is influencing the nucleation control.    
 
 
Figure 6-6: SEM images of -ZrP synthesized under the influence of (A) pVPA0.25-co-AAM0.75 with Zr/P ratio 
of 9.4:1; (B) pVPA0.33-co-AAM0.67 at Zr/P ratio of 4.7:1 
 
Probably, the copolymer influences the growth of the crystals because of interactions 
between its phosphonic acid groups and the growing crystal faces. By adsorption of the 
polymer onto a surface, further epitaxial growth would be inhibited. It is conceivable that at 
the surface zirconium cations are partly coordinated by phosphonate groups from the 
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copolymer instead of phosphate ions, as proposed by Alberti for the synthesis of MELS 
(molecularly engineered layers).
[22]
 Because of interactions within the copolymer chains, 
these are adsorbed in a folding and not in a linear form on the crystal surface. The hindered 
access of ions to the occluded surface then precludes further growth of the crystals vertically 
to the layers, leading to platelets with high aspect ratio. A model based on these observations 
along with detailed discussion of the crystallization behaviour is discussed in detail by 
B. Hering.
[12]
 
In order to ascertain whether the mere presence of phosphonic acid groups is sufficient to 
affect the morphology of ZrP crystals, the polymer pVPA was added in different Zr/P ratios 
between 3:1 and 5:1. SEM images showed that all products consisted of platelets with rough 
crystal surfaces. A difference lies in the smaller aspect ratios in comparison to the material 
obtained with p(VPA-co-AAM) (Figure 6-6A). In a similar experiment with 
pVPA-co-DMAA thick aggregated platelets were obtained as seen in the case of pVPA 
indicating a modest influence of the dimethyl acrylamide group within the copolymer (Figure 
6-7).  
 
Figure 6-7: SEM images of -ZrP synthesized under the influence of A) pVPA at Zr/P ratio 3:1 and B) pVPA-
co-DMAA at Zr/P ratio of 12:1 
 
To clarify the correlation between the constitution of the polymer and its influence on crystal 
formation pMEPD and p(EDOA-co-DMAA), were used. In pMEPD, ester groups connect the 
phosphonate groups to the polymer backbone, whereas in pEDOA they appear as 
independent side chain along with dimethyl acrylamide.  
6 Synthesis of Inorganic Particles  81 
When pEDOA-co-DMAA was added at a Zr/P ratio of 11:1, the product morphology (Figure 
6-8A) was quite similar to that observed for particles prepared in the presence of 
pVPA-co-DMAA (Figure 6-7B) with platelets showing diameters up to 1 µm and being 
partly aggregated. The additional presence of the ester groups thus does not appear to have 
any special effects here. pMEPD was added to the synthesis mixture at Zr/P ratios of 5:1 
leading to small aggregated platelets as presented in Figure 6-8B. However, compared to 
previously described products, these platelets exhibited much smaller diameters of only few 
hundred nanometres. 
 
Figure 6-8: SEM images of -ZrP synthesized under the influence of A) pEDOA-co-DMAA at Zr/P ratio 11:1 
and B) pMEPD at Zr/P ratio of 5:1 
 
6.4 Conclusion 
Morphology of calciumphosphate and α-zirconium hydrogen phosphate was controlled under 
the influence of polyelectrolytes. Calciumphosphate nucleation has resulted in a porous 
material in presence of pMEPD and p(VPA-coAAM). Elongated needle like structures were 
formed under the influence of p(VPA-co-DMAA) and p(EDOA-co-DMAA). Mussel inspired 
HES-DOPA has resulted in a layered structure as found in nacre. A change in the amount of 
polymer lead to the formation of different structures. Thick aggregated platelets of 
α-zirconium hydrogen phosphate were formed under the nucleation control of different 
polyelectrolytes. For a platelet morphology with high aspect ratio, a copolymer of VPA and 
AAM was very prominent. The copolymer amount and composition were critical structure 
orienting parameters. 
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7 Preliminary Dipping Experiments 
 
To establish the layer-by-layer deposition method for preparation of composites and to 
evaluate the suitability of different analytical methods for fabricated composites, two 
different model systems were choosen. First a system from the literature was selected, 
whereas the choice for second experiment was based on a new set of components. 
Thicknesses of the layered material were determined with AFM and ellipsometry while 
nanoindentation was chosen as a method for mechanical characterization. Composite 
morphology was analyzed with the help of SEM. 
 
7.1 Materials and Methods 
7.1.1 Chitosan/Montmorillonite Composites 
A typical system reported by Podsiadlo et al. constituting chitosan with clay particles of 
montmorillonite (MTM) was choosen as a model system.
[1]
 As reported a 0.1% solution of 
chitosan was prepared in acetic acid by overnight stirring and pH was adjusted to 3 with 1 M 
NaOH solution. MTM suspension with a concentration of 0.5% was prepared in deionized 
water under vigorous stirring for a week and pH was adjusted with 1 M HCl solution. 
Detailed procedure can be found in the literature.
[1]
 The substrates used were one-side 
polished silicon wafers, cut into rectangles of 3x1.3 cm. Before dipping experiment the 
substrates were wiped with acetone, dried in nitrogen flow and treated by plasma-cleaning for 
30 minutes. According to literature this treatment results in a negatively charged silicon oxide 
layer on the surface.
[2-3]
 
Multilayers were assembled on the silicon wafer by dipping into a commercially available 
chitosan (Mw 190,000 – 310,000) solution for 5 minutes followed by 1 minute rinsing in 
water twice. After deposition of the polymer the wafer was dried in a gentle flow of 
compressed air from an automated nozzle. Next the wafer was dipped into MTM suspension 
for 5 minutes, rinsed for 1 minute in water twice and air dried. This procedure constituted one 
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bilayer. Substrates were dipped into beakers of diameter 2.4 cm up to depth of 2.5 cm with 
the help of a dipping robot (Riegler & Kirstein GmbH, Berlin, Germany).  
7.1.2 ZrP/PDDA Composites 
ZrP platelets were synthesized in the presence of a copolymer of vinylphosphonic acid with 
acrylamide in the form of platelets by B. Hering.
[4]
 PDDA available commercially 
(Mw 100 000 – 200 000) was used as a 0.1 wt% solution in Millipore water while inorganic 
platelets were used as a 0.2 wt% suspension which was stabilized by 30 minutes of 
sonication. Layers were constructed according to layer-by-layer assembly starting with 
PDDA on a plasma cleaned silicon wafer. Substrate was dipped in PDDA solution for 5 
minutes followed by 2 minutes of rinsing and drying. Subsequently it was dipped in the ZrP 
suspension for 5 minutes with second rinsing in water for 2 minutes and finally drying in a 
gentle air flow. Composites with increasing number of layers were fabricated with dipping 
robot.  
Thickness of the composites was determined using a multiscope (Optrel, Germany) in the 
ellipsometry mode, AFM XE-100 (Park Systems) or DekTak 8 stylus profilometer from 
Veeco, Germany. SEM investigations were done employing a field-emission scanning 
electron microscope type JSM-6700F from Jeol (Eching, Germany) with an acceleration 
voltage of 2 kV and a working distance of 3 or 8 mm. The mechanical properties of the 
layered composites were investigated by nanoindentation with a Nano Indenter XP from 
MTS Nano Instruments (Oak Ridge, Tennessee) equipped with a Berkovich indenter.  
 
7.2 Results and Discussion 
7.2.1 Composites of CH/MMT 
Multilayers of CH/MMT were assembled up to 900 cycles and characterized for their 
thickness and mechanical behavior. Thickness profile was linear with respect to dipping 
cycles until 320 layers as determined by ellipsometry, presented in Figure 7-1 and Table 7-1. 
Beyond this limiting number of layers it was difficult to apply ellipsometry because of the 
stronger light scattering of the film. 
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Figure 7-1: Thickness of the CH/MMT films as function of the number of dipping cycles 
 
At initial stages the error of the measurement as indicated by the error bars was smaller but 
increased gradually with increasing number of layers. This is indicative of increasing 
roughness with increasing number of dipped layers.  
 
Table 7-1: Thickness increment with number of layers 
Layers Thickness (nm) Std. Dev. 
10 25.8 2.1 
40 105.8 8.2 
80 206.1 11 
100 261.7 10.5 
200 525.4 16.0 
240 660.3 19.3 
280 719.5 16.3 
320 878.3 87.7 
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This characterization has revealed an average thickness of 2.7 nm for each bilayer which is 
close to the reported bilayer thickness of 3 nm.
[1]
 
Composite thickness was determined by AFM
*
 after 580 cycles as an alternative method for 
the thickness measurement. By this way height of 27 points in three rows were measured 
starting in the uncoated area. The height difference of 1.7 µm between coated and uncoated 
area was utilized as thickness of the composite film. Based on the ellipsometric thickness 
measurements for one bilayer, 580 cycles were expected to have a total thickness of 1.56 µm 
which is almost close to the thickness measured by AFM. 
Composites with 760 and 900 bilayers were subjected to nanoindentation for the 
determination of modulus and hardness as shown in Table 7-2.  
 
Table 7-2: Nanoindentation data of the composites 
Sample 
Dipping 
Cycles 
Modulus 
(GPa) 
Hardness 
(GPa) 
CH-MTM 760 6.7 0.27 
CH-MTM 900 9.21 0.36 
Nacre[5] - 69.88 4.57 
 
Composite material made up of 760 bilayers has shown values of 6.7 and 0.27 GPa for the 
modulus and hardness respectively. Increasing the number of bi-layers to 900 resulted in an 
increased modulus of 9.21 GPa and hardness of 0.36 GPa. Modulus value at 760 bilayers are 
close to those (6.1 GPa) given by Podsiadlo.
[1]
 While making comparison we must remind 
that the analysis performed by Podsiadlo was according to standard stretching and getting 
stress vs. strain plots. However, these values are not comparable to those of nacre. New 
combinations of the materials are required to achieve the desired mechanical properties as 
found in our model system nacre. For fabricated composites thickness measurement with 
ellipsometry is not a suitable method. This is particularly important for samples with higher 
surface roughness. Although AFM was applied for the thickness measurement of films 
                                                 
* Institute for Particle Technique, TU Braunschweig 
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deposited on the silicon wafer, it was tedious and cantilever could not scan the surface 
because of roughness. Therefore, still there is a need for a suitable, quick and accurate 
method for the thickness measurement of the composite materials. 
 
7.2.2 Composites of ZrP/PDDA 
A composite material made up of poly(diallyldimethyl ammonium chloride) (PDDA, Mw 
100 000-200 000) with ZrP platelets was fabricated and tested for the mechanical properties 
with nanoindenter and thickness measurement with a profilometer. Different combinations of 
two components were tested as shown in Table 7-3. 
 
Table 7-3: Composite of ZrP/PDDA 
Dipping Cycle PDDA conc.% ZrP (wt%) 
200 0.2 0.2 
200 0.1 0.2 
200 0.01 0.2 
 
SEM of the fracture surfaces of the composites prepared has revealed the better result, that is 
a nicely layered structure at PDDA concentration of 0.1 wt%.  
 
 
Figure 7-2: SEM of fracture surfaces of composites prepared at different concentrations of ZrP with PDDA 
after 200 cycles at (A) 0.01%, (B) 0.1% and (C) 0.2% 
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Utilizing the optimal combination of two components further composites were fabricated 
with increasing number up to 220 layers. High light scattering was observed due to the 
opaque nature of constituting components thus making thickness measurement with 
ellipsometry inappropriate. As an alternative method of thickness measurement, profilometer 
was used. Mechanical properties were determined with nanoindenter. For a variety of 
materials, nanoindentation has been applied to determine properties like modulus and 
hardness.
[2, 6-7]
 This method was found suitable here too and applied to determine the modulus 
and hardness as given in Table 7-4. 
 
Table 7-4: Thickness and mechanical properties of ZrP/PDDA composite 
Dipping Cycle Thickness (µm) Modulus (GPa) Hardness (GPa) 
70 3.45 ± 0.22 5.40 ± 0.8 0.16 ± 0.04 
100 5.47 ± 0.30 3.80 ± 0.7 0.10 ± 0.03 
130 6.65 ± 0.29 2.59 ± 0.6 0.08 ± 0.03 
160 8.85 ± 0.55 2.10 ± 0.7 0.05 ± 0.02 
190 11.88 ± 0.67 5.38 ± 0.9 0.16 ± 0.04 
220 12.37 ± 0.78 2.50 ± 0.6 0.10 ± 0.04 
 
 
The highest values for modulus and hardness measured were 5.4 GPa and 0.16 GPa 
respectively. No correlation was found between the mechanical properties and the thickness 
of the film.  
A regular increase in the thickness was observed as depicted in Figure 7-3. With increasing 
number of dipping cycles particularly from 160 onward, higher standard deviations in the 
thickness were observed. The increasing standard deviations can be rationalized to be a 
consequence of a decreasing quality of alignment of the ZrP platelets. 
 
  
7 Preliminary Dipping Experiments  89 
 
Figure 7-3: Thickness of the ZrP/PDDA films as function of the number of dipping cycles 
 
The micro structure of the composites was investigated by SEM. The images of fractured 
surfaces indicate a layered structure for the composites, with no significant influence of the 
number of dipping cycles (Figure 7-4). Fabricated composites are similar in alignment to that 
found in nacre.  
 
 
Figure 7-4: SEM of ZrP/PDDA composites at (A) 160 cycles (B) 220 cycles 
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7.3 Conclusion 
Model experiments were performed to synthesize and analyze the composite materials and to 
observe the applicability of different analytical methods. For thickness measurement 
profilometery is best suited in comparison to ellipsometer or AFM. AFM cantilever could not 
scan the surface because of roughness at the surface. Similarly ellipsometry was not 
applicable as the surface was not reflecting enough light to be measured accurately by the 
sensor of the instrument. Nanoindentation was found to be a good method for fabricated 
composites where reliable and reproducible results could be obtained. 
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8 Fabrication and Characterization of Biocompatible Nacre-like 
Structures from α-Zirconium Hydrogenphosphate Hydrate 
and Chitosan
*
 
 
8.1 Abstract 
Composite materials with an ordered layered structure resembling that of nacre were 
fabricated by layer-by-layer assembly making use of pre-synthesized α-zirconium 
hydrogenphosphate hydrate (ZrP) platelets and chitosan. These two biocompatible materials 
were chosen in view of possible applications in the biomedical field, e.g. as bone or joint 
replacement implants. The effect of different concentrations of the inorganic ZrP platelets 
and the organic components (chitosan) on the composite assembly and structure was 
investigated. A high concentration of chitosan (0.1 wt%) resulted in a misalignment of the 
inorganic platelets, while at very low concentrations (0.001 wt%) the substrate was not fully 
covered by the polymer, again leading to misalignment. Also the concentration of the α-ZrP 
platelets affected the composite assembly and structure. The number of dipping cycles was 
varied between 70 and 220, yielding a maximum thickness of approximately 6 µm. The pH 
value of the chitosan solution was also varied to investigate its influence on the composite 
assembly. The mechanical properties of the composites were tested with a nanoindenter. For 
samples prepared with the same number of dipping cycles, higher values of Young´s modulus 
and hardness were obtained with improved alignment of the platelets in the samples. For 
samples prepared with 220 dipping cycles, a Young’s modulus of 2.6 GPa and a hardness of 
70 MPa was observed. Important general relationships are recognized between the 
preparation parameters, the degree of order within the nacre-like films and the resulting 
mechanical properties. 
Keywords: layer-by-layer assembly, nacre, chitosan, mechanical properties 
 
                                                 
* Waraich, S. M.; Hering, B.; Burghard, Z.; Bill, J.; Behrens, P.; Menzel, H., J. Colloid Interface Sci., (2012) 
367, 74. 
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8.2 Introduction 
Mimicking natural composites which show exceptional mechanical properties due to their 
hierarchical organization is an excellent starting point for the design of a new generation of 
synthetic materials. Nacre, the material of the inner shells of mollusk shells is a particular 
case. Owing to its excellent mechanical properties and its comparatively simple morphology, 
nacre has attracted considerable attention. High toughness and strength in nacre result from 
its hierarchical structure, where bioorganic polymers (chitin and proteins, 10 to 50 nm thick) 
and aragonite platelets (200-900 nm thick) form an ordered, “brick and mortar”-like structure. 
The polymeric part provides elasticity and adhesion while the aragonite tablets act as rigid 
building blocks.
[1-2]
 Due to this structure nacre is 3000 times tougher than its main 
component, namely aragonite
[3]
, although the organic material situated in between the 
platelets corresponds to a volume fraction of only 5 percent.
[4]
 Various mechanisms have 
been proposed for this high toughness, namely platelet sliding, organic material adhesion, 
presence of asperities and, importantly, the waviness of the aragonite platelets which 
generates progressive locking, hardening and spreading of non-linear deformation around 
defects and cracks. The cracks are arrested before they can lead to failure of the material by 
dissipating the crack energy at the interfaces between the tablets. In nacre, a crack cannot 
move through the platelets but has to travel around them, the resulting increased crack length 
then being responsible for an enhanced work of fracture.
[5-6]
 The nanometer size of the 
mineral crystals in nacre is important to ensure optimum fracture strength and maximum 
tolerance of flaws. For nacre the calculations show that the mineral crystals should have a 
minimum thickness of 200 nm.
[7]
 
The attractive mechanical properties of nacre have provoked the development of organic- 
inorganic composite materials which are inspired by its morphology.
[8-13]
 However, 
synthetically mimicking nacre requires special fabrication procedures in order to obtain a 
similar structure and morphology. Deville et al. synthesized a layered composite material by 
making use of controlled freezing of a suspension of alumina. After freeze-drying the 
resulting structure, a porous scaffold of the ceramic particles was obtained, which 
subsequently was filled with an organic phase.
[14]
 The resulting material was structurally 
analog to nacre and showed better mechanical properties than the natural model, due to crack 
deflection. The chemical bath deposition method was employed by Burghard et al. to 
fabricate bio-inspired nanocomposite films which were made up of alternating layers of TiO2 
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and ZnO as inorganic component and polyelectrolytes as organic component. In this 
approach the inorganic layer is deposited from a precursor solution and careful control of the 
parameters is necessary to control the size of the crystallites and the thickness of the 
layers.
[15-16]
 
A well-established and convenient way for the production of layered materials is the 
layer-by-layer (LbL) deposition method
[17]
, which can be employed for the fabrication of 
polymer-polymer as well as polymer-inorganic composites. This procedure consists of 
coating a substrate alternately with two different substances, for example by dipping into two 
different solutions or suspensions, possibly with intermittent washing steps.  
Especially when the two components are oppositely charged, strong adhesion between the 
layers results from electrostatic adhesion. Negatively charged carboxymethylated cellulose 
nanofibrils and cationic polyethyleneimine have been used to assemble free standing films 
and their mechanical and structural properties have been investigated.
[18]
 In the same way an 
artificial nanostructure resembling nacre was fabricated by Tang et al. by alternately dip-
coating montmorillonite clay platelets and poly(diallyldimethylammonium) chloride 
(PDDA), a cationic polyelectrolyte.
[9]
 With up to 200 alternating layers a thickness of 4.9 µm 
was obtained. The mechanical properties of the artificial materials can be improved by a load 
transfer from the polymer to the inorganic component in the composite material. By replacing 
PDDA with polyvinyl alcohol for the preparation of a composite with montmorillonite and by 
crosslinking the polymer with glutaraldehyde after each 10 dipping cycles, high-strength 
composites were obtained. The dense covalent and hydrogen bonding network of the organic 
material enhanced the load transfer from the polymer to the platelets.
[19]
 Adhesion of the 
polymer to the clay platelets and thus increasing the load transfer was achieved by using 
polymers containing 3,4-dihydroxyphenylalanine (DOPA) groups. The introduction of these 
groups was inspired by bio-adhesives of marine organisms, which can adhere very strongly to 
almost all kinds of substrates. The DOPA groups can also be cross-linked by complex 
formation with Fe
3+
 ions. Employing this self cross-linking mechanism, an improvement in 
the mechanical properties of the corresponding composites was observed.
[20-21]
  
Bonderer et al. deposited alumina platelets together with chitosan by combining dip- and 
spin-coating techniques.
[22]
 By using alumina platelets, which are stronger than clay platelets, 
materials possessing very good mechanical properties were obtained. However, the content of 
organic material in the composite prepared by this method is very high (85 to 90%), quite 
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unlike to nacre. The good mechanical properties were attributed to the favorable aspect ratio, 
which favors fracture mechanism by platelet pullout. Kim et al. reported the preparation of 
LbL-Films from poly(allylamine hydrochloride) PAH and α-zirconium hydrogen phosphate 
(α-ZrP) platelets. The platelets were prepared by exfoliation of -ZrP with butylammonium 
hydroxide resulting in crystallites with less than 1.5 nm thickness.
[23]
 Despite the small 
thickness of each layer, the films show sharp boundaries between the different layers, as has 
been proven by the absence of any energy transfer between fluorescence probes built into the 
film.
[24]
 The mechanical properties of these films were not investigated.  
Here we report on the LBL deposition preparation of a nacre-type material which is 
constructed from biocompatible components. Such a material has potential applications in 
bone replacement and joint implantology. We have chosen -zirconium hydrogenphosphate 
hydrate (-ZrP) as the inorganic component. This material can be prepared in the form of 
platelets with suitable size and aspect ratio. Chitosan, a cationic polysaccharide was chosen 
as the polymer component. Chitosan is a well investigated biocompatible, antibacterial and 
environmentally friendly polymer used in biomedical devices, optically active films, 
biosensors, coatings for improvement of cytocompatibility and microcapsule implants for 
controlled release in drug delivery.
[25-28]
 Chitosan is prepared from chitin (poly(-(1-4)-N-
acetyl-D-glucosamine)), which is a naturally occurring polysaccharide, by deacetylation. 
Above a degree of deacetylation of 50% the chitin becomes soluble in acidic aqueous media 
(pH < 6) and is called chitosan. Chitosan is soluble in aqueous solutions, but the solubility 
depends on the degree of deacetylation.
[28-30]
 Due to the polysaccharide backbone chitosan is 
regarded to be a semi-rigid polymer, which adopts an extended conformation. The 
conformation is pH-dependent as expected for a weak polyelectrolyte.
[30]
 Even in acetic acid 
solutions aggregates of chitosan molecules have been detected by fluorescence, static and 
dynamic light scattering.
[31-33]
 Anthonsen et al. suggested that only a small fraction of the 
total weight of the samples contributes to the high molecular weight aggregates. It was also 
postulated that some sequences of acetylated units along the chitosan backbone are the origin 
for the aggregates.
[32]
   
Biocompatibility of zirconium phosphate has already been shown. Corresponding coatings on 
zirconium oxide or titanium did not only improve the mechanical properties of these 
materials but also the adhesion and proliferation of osteoblasts as well as of fibroblasts.
[34-36]
 
Due to the layered structure of -ZrP[37-39], it was expected that the crystallization could 
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result in particles with a platelet-like morphology when being influenced by specific 
morphology-directing agents.  
 
8.3 Experimental 
8.3.1 Materials 
Chitosan of low molecular weight (190,000 – 310,000 Da) with a degree of deacetylation 
75-85% was purchased from Aldrich and used as received without further purification. By 
NMR the degree of deacetylation was determined to be ~ 83%. Acetic acid for dissolution of 
the chitosan was purchased from Fluka. Sodium hydroxide used to adjust the pH of the 
solution was obtained from Carl Roth GmbH, Karlsruhe, Germany. α-Zirconium 
hydrogenphosphate hydrate (-ZrP) platelets were synthesized with poly(vinylphosphonic 
acid-co-acrylamide) (pVPA0.25-co-AAM0.75) as morphology directing agent (see supporting 
info). All solutions and suspensions were prepared with Millipore water of resistivity 17 MΩ. 
 
8.3.2 Preparation of Solutions and Suspensions 
A 0.1% solution of chitosan was prepared by as described in ref.
[40]
 by dissolving 1 g of the 
polymer in 1 L of Millipore water, adding a few drops of acetic acid, and stirring over night. 
Other concentrations were prepared by appropriate dilution with Millipore water and the pH 
was adjusted with 1M NaOH. Suspensions of -ZrP platelets were prepared by addition of 
the required amount of platelets to Millipore water and sonication for 1 hour prior to use in 
the dipping experiments. The suspension was used as prepared having a pH of 3.7, no further 
pH adjustment was necessary, because there is no change of the zeta potential with pH in the 
range investigated here. 
 
8.3.3 Substrates 
The substrates used were one-side polished silicon wafers cut into rectangles of 3x1.3 cm. 
These silicon wafers were wiped with acetone after cutting, dried in a nitrogen flow and 
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treated by plasma-cleaning for 30 minutes. In this way a negatively charged silicon oxide 
layer is formed.
[23, 41]
 
 
8.3.4 Layer-by-Layer Deposition 
Multilayers were assembled on the silicon wafer by first dipping into the corresponding 
chitosan solution (pH = 4, 5, or 6 respectively) for 5 minutes followed by 2 minutes rinsing in 
water. After deposition of the polymer the wafer was dried in a gentle flow of compressed air 
from an automated nozzle. Next the wafer was dipped into a α-ZrP platelet suspension for 
5 minutes, rinsed for 2 minutes in water and air-dried. This procedure completes one dipping 
cycle and the formation of a bilayer. Substrates were dipped into beakers of diameter 2.4 cm 
up to depth of 2.5 cm with the help of a dipping robot (Riegler & Kirstein GmbH, Berlin, 
Germany). Sonication of the suspension in sonication bath before the dipping kept the α-ZrP 
platelets well dispersed during the process. 
 
8.3.5 Characterization 
Zeta potentials of both components were investigated by a Zetasizer Nano ZS from Malvern 
Instruments (Worcestershire, UK). The thickness of the LbL samples was measured by a 
DekTak 8 stylus profilometer from Veeco, Mannheim, Germany. The stylus tip radius was 5 
µm at force of 3 mg. The morphology of the product was investigated via SEM. Small pieces 
were cut out of the center of the wafers by a diamond blade and glued on cross-section-
holders. To improve the conductivity silver-glue was used. Loose particles were removed. 
Images were collected on a field-emission scanning electron microscope type JSM-6700F 
from Jeol (Eching, Germany) with an acceleration voltage of 2 kV and a working distance of 
3 or 8 mm. 
The mechanical properties of the layered composites were investigated by nano-indentation 
with a Nano Indenter XP from MTS Nano Instruments (Oak Ridge, Tennessee) equipped 
with a Berkovich indenter. All measurements were performed in the continuous stiffness 
mode (CSM). Each sample was investigated at 30 points with a constant deformation rate of 
5∙10-5 s–1. In order to avoid an influence of the substrate on the results, the deformation was 
restricted to one fourth of the thickness of the composite. Young’s modulus and hardness 
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were derived from the loading curve of the graph in dependence of the penetration depth 
according to the Oliver and Pharr method.
[42]
 Average values and standard deviations were 
calculated with the software Analyst. 
 
8.4 Results and Discussion 
8.4.1 Preparation and Characterization of the Platelet Suspension and the Chitosan 
Solution  
Platelets of α-zirconium hydrogenphosphate hydrate were synthesized under the influence of 
poly vinylphosphonic acid-co-acrylamide.
[43]
 The synthesis resulted in well separated, 
individual particles of few hundred nanometer in diameter and a few nanometer thickness as 
shown by SEM (Figure 8-1). 
 
 
   
Figure 8-1: SEM images of α-ZrP nanoparticles synthesized under the influence of a p(VPA0.25-co-AAM0.75) 
copolymer with a Zr to P ratio of (A) 9.4 : 1 and (B) pVPA0.33-co-AAM0.67 at Zr/P ratio of 4.7:1, the structural 
formula of which is given. The structural formula of chitosan is also given. 
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All syntheses produced as the only crystalline compound α-zirconium hydrogenphosphate 
hydrate (α-ZrP). The XRD patterns of α-ZrP synthesized without any polymeric additive and 
of the products of the syntheses with pVPA-co-AAM which were obtained at different Zr/P 
ratios, namely at 9.4:1 and 4.7:1, have been compared to reference data.
[37]
 The similarity of 
the diffraction patterns shows that the addition of (co-)polymers did not have an influence on 
the crystal structure. (see supporting info.).  
The zeta potentials of the nanosized α-zirconium hydrogenphosphate hydrate platelets and of 
chitosan were determined in water as function of the pH. Thus pH-values most suitable for 
the LbL deposition process, i.e. the pH value where there is a mutual electrostatic attraction 
can be determined. The results (Figure 8-2) show strongly opposed charges for the two 
components for the complete range of pH values investigated. The α-ZrP particles show a 
strong negative zeta potential whereas chitosan as a cationic polyelectrolyte shows a very 
strongly positive zeta potential at least up to a pH value of 5. Above pH = 5 the charge of the 
polymer decreases due to the reduced number of protonated amino groups (pKa  = 6.0 for 
chitosan
[28]
). The last data point at pH = 6.5 might be due to a metastable situation or 
aggregates of the polymer chains. A pH value of 5 was chosen for the LbL deposition 
experiments.   
 
Figure 8-2: Zeta potentials of chitosan and α-ZrP as function of the pH value 
 
8.4.2 Influence of Different Concentrations on LbL Deposition  
Initially the effect of different concentrations of the two components on the LbL deposition 
process was investigated. For this purpose chitosan was used in three different concentrations 
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of 0.001 wt%, 0.01 wt% and 0.1 wt% and α-ZrP platelets suspensions were prepared in 
concentrations of 0.1 wt% and 0.2 wt%. Since the substrate is negatively charged after the 
pretreatment 
[41]
, the LbL deposition process was always started using the chitosan solution 
for the formation of the first layer. The dipping is followed by a washing step to get rid of 
superfluous material. Overcompensation of the negative surface charge leads to a net positive 
surface charge of the first layer.
[17]
 The substrate with the first layer is then dipped into the 
suspension of the α-ZrP platelets. The negatively charged platelets adsorb to the surface. The 
net charge of the assembly is then again negative
[17]
, so that, after rinsing to remove non-
bound platelets, the cycle can be repeated. 
In Figure 8-3 cross section SEM images of the LbL assemblies prepared with different 
concentrations of the chitosan solution and the α-ZrP suspension are compiled. The substrate 
can be seen beneath the layered material in all images. Using a α-ZrP suspension with a 
concentration of 0.1% and a chitosan solution with a concentration of 0.1% in the dipping 
process results in an LbL assembly in which the stacking is irregular and the platelets are not 
clearly visible, but appear to be covered. This overcoat might be chitosan (Figure 8-3A). An 
increase in the concentration of the α-ZrP suspension from 0.1% to 0.2% resulted in a slightly 
better ordered structure (Figure 8-3B). Here, the individual tiles are better visible and not as 
obscured as in the previous case. 
Reducing the concentration of the chitosan solution to 0.01% and keeping the α-ZrP 
suspension concentration at 0.2%, a regular structure with only minor corrugation and with 
uniform thickness was obtained (Figure 8-3D). In this image only a few platelets at the edge 
appear to be displaced. However, this is probably an artefact caused by the cutting procedure 
in the sample preparation necessary to obtain the cross section. A further dilution of the 
chitosan solution to a concentration of 0.001% produced structures with only partially 
ordered arrangement (Figure 8-3F). In this case, although most of the platelets are oriented 
parallel to the substrate, also platelets oriented perpendicularly can be observed. It can be 
assumed that at this low chitosan concentration the amount of polymer available to interact 
with the platelets is not sufficient. Correspondingly, a decrease of the concentration of the 
α-ZrP suspension to 0.1% at a chitosan concentration of 0.01% also resulted in a well-
organized structure (Figure 8-3E). 
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Figure 8-3: SEM images of cross sections of LbL assemblies prepared from chitosan and α-ZrP. The 
concentrations of the -ZrP suspension and of the chitosan solution were varied as well as the number of 
dipping cycles. (A) α-ZrP concentration 0.1%, chitosan concentration 0.1%, 107 cycles; (B) α-ZrP concentration 
0.2%, chitosan concentration 0.1%, 120 cycles; (C) α-ZrP concentration 0.2%, chitosan concentration 0.1%, 220 
cycles; (D) α-ZrP concentration 0.2%, chitosan concentration 0.01%, 220 cycles; (E) α-ZrP concentration 0.1%, 
chitosan concentration 0.01%, 107 cycles; (F) α-ZrP concentration 0.2%, chitosan concentration 0.001%, 215 
cycles. 
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The concentration dependence of the order within the LbL assembled composite film can be 
rationalized as follows (Figure 8-4). Using a low (0.001%) concentration of chitosan only a 
smaller amount of chitosan is adsorbed. This might be because the adsorption equilibrium is 
not reached within the dipping time or because there are less aggregates present at the lower 
concentration. The smaller amount of adsorbed chitosan might result in a non-uniform 
positive charge density at the surface of the substrate. Consequently, in the next step there is 
no uniform adhesion of α-ZrP platelets, but a somewhat irregular profile is obtained. For the 
composites fabricated with a higher concentration of chitosan (0.1%), the surface of the 
substrate is completely covered by chitosan. Subsequently, α-ZrP platelets can adhere 
uniformly to the complete area of substrate. This results in a smooth surface, at least for 
lower numbers of dipping cycles. Experimentally it was observed, that the corrugation of the 
films increased with the number of deposited layers (see Figure 8-3B and C). For example, 
the image of the film prepared in 220 dipping cycles depicted in Figure 8-3C suggests that in 
the lower third of the LbL assembled film, the platelets are oriented in a parallel fashion to 
the substrate, while in the upper part of the film, there is strong corrugation. As depicted in 
the model in Figure 8-4 this effect is probably caused by the presence of superfluous 
chitosan, being adsorbed in thicker and non-flat layers. In the following dipping step, several 
α-ZrP platelets can then adsorb at such a site due to the increased positive charge. Such a 
multi-adsorption can result in a non-parallel arrangement with some particles even being 
oriented perpendicularly to the substrate.  
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Figure 8-4: Schematic presentation of the assembly of composite materials at different chitosan concentrations: 
(a) low concentration of chitosan resulting in inhomogeneous layers of chitosan and surfaces not fully covered, 
(b) medium concentration of chitosan resulting in thin but homogeneous layers of chitosan and highly ordered 
platelets, (c) high concentration of chitosan resulting in thick layers of chitosan and an inhomogeneous, less 
ordered deposition of the platelets. 
 
The effect of the concentration of the chitosan solution can be also discerned by a comparison 
of Figure 8-3A and F. For the preparation of the LbL assembly shown in Figure 8-3A, a high 
chitosan concentration of (0.1%) was used. Here the platelets appear to be covered by an 
amorphous layer, most likely a chitosan layer. The structural order of the platelets is low. In 
contrast, with the 0.001% chitosan solution (Figure 8-3F), the concentration seems to be 
neither sufficient to cover the substrates surface in the beginning (as described above) nor to 
fully enwrap the platelets at later dipping stages.  
Although further investigations are necessary to clarify the reasons, it is apparent that the   
concentrations have an influence on the order of the LBL-assembly. Furthermore from the 
experiments described above it becomes evident that the concentration of the chitosan 
solution is influencing the order of the LbL assembly more strongly than the concentration of 
the -ZrP suspension. A concentration of 0.1% or 0.2% for the α-ZrP suspension and a 
chitosan solution concentration of 0.01% are optimal for the fabrication of LbL assemblies 
with an ordered nacre-like structure. These conditions were used to investigate the influence 
of the pH value of the solution/suspension and the increase of the layer thickness with the 
number of dipping cycles.  
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8.4.3 Thickness of LbL Assembled Composites 
Thickness measurement with the help of SEM is difficult due to possibly non-perpendicular 
cutting and orientation of the sample as well as to artifacts produced by this procedure, 
resulting in large uncertainties. The thickness was thus determined employing a profilometer. 
The force acting on the stylus of the profilometer while moving over the surface was adjusted 
such as not to penetrate the material but to only scan the upper surface. Three scans were 
performed on each sample.  
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Figure 8-5: Thickness and roughness profile of an LbL assembled composite film. Curve A was measured on a 
sample prepared under the following conditions: α-ZrP concentration: 0.2%, chitosan concentration: 0.01%; pH 
= 5; 220 dipping cycles; a cross-section SEM of this sample is presented in Figure 8-3D. Curve B was measured 
on a sample prepared under the following conditions: α-ZrP concentration: 0.2%, chitosan concentration: 0.1%; 
pH = 5; 220 dipping cycles; a cross-section SEM of this sample is presented in Figure 8-3C. 
 
A profilometer scan, as shown exemplarily in Figure 8-5A, shows three regions. The 
measurement starts on the naked surface of the silicon wafer which was never inserted into 
the dipping solutions. This region is very flat and was used to define zero height. Then a 
gradual increase can be observed (between 4 to 6 mm scanned distance) where the coated 
area begins. Minor variations of the fluid level occurring during the cyclic dipping process 
are responsible for the fact that the increase in thickness occurs gradually. Finally a plateau is 
reached where the thickness is almost constant. In this region (from 6 mm to 14 mm in Figure 
8-5A) the thickness of the film was determined. The spiking in the profilometer scans 
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probably corresponds to single misaligned platelets or a few dust particles. The “noise” in the 
profilometer signal is indicative of a certain roughness of the LbL assemblies.  
The thickness profile of a material obtained at a high concentration of chitosan of 0.1% 
(concentration of α-ZrP 0.2%, 220 dipping cycles) is presented in Figure 8-5B. It shows very 
strong spiking and also strong fluctuations of the thickness. This corresponds very well to the 
cross section SEM image shown in Figure 8-3C. 
 
In order to observe the increase in the thickness of the LbL assembled composite films, a 
series of films was fabricated with the number of dipping cycles varying between 70 and 220 
with increments of 30 dipping cycles. For this investigation, the concentrations were 0.01% 
for the chitosan solution, 0.2% for the α-ZrP suspension, and the pH was adjusted to 5. The 
thickness of each sample was determined from the profilometer scans on each film; the scans 
were averaged in the plateau region and the standard deviation as error of the measurement is 
a measure of the fluctuations in the thickness. The results are given in Table 8-1 and are 
plotted in Figure 8-6. 
  
Table 8-1: Thickness of the composite layers as measured by a profilometer. The number of dipping cycles was 
varied as well as the pH value. For this investigation, the concentrations were 0.01% for the chitosan solution 
and 0.2% for the α-ZrP suspension. 
Number of dipping 
cycles 
pH 
Thickness  
(µm) 
Thickness per double 
layer (nm) 
70 5 2.57 ± 0.19 36.7 
100 5 3.95 ± 0.34 39.5 
130 5 4.36 ± 0.22 33.5 
160 5 5.34 ± 0.44 33.3 
190 5 6.07 ± 0.34 31.9 
220 5 6.06 ± 0.69 27.5 
240 4 3.54 ± 0.45 14.7 
240 6 6.80 ± 0.24 28.3 
240 7a 5.64 ± 0.32 23.5 
a Chitosan is not soluble above pH=6, thus the solution is not stable 
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There is a continuous increase in the thickness with additional dipping cycles. For small 
numbers of dipping cycles, the increase in thickness per dipping cycle is somewhat larger 
than at higher numbers of cycles, corresponding to a kind of saturation behavior and the 
thickness reaching a kind of plateau. From the thickness of the films, also the thickness of 
one double layer (chitosan + α-ZrP) can be calculated (see Table 8-1). These data also 
illustrate the smaller thickness increase per dipping cycle for thicker films. At the beginning 
the average thickness of the one double layer is around 33 nm. However, above 
approximately 160 dipping cycles the average thickness per double layer decreases. The 
reason for this behavior is not clear: It could be caused by a reduced efficiency of polymer 
and platelet adsorption, or by the continuous increase in electrostatic interactions which of 
course become stronger when more and more positive polymer chains and negative 
crystallites are added. Non linear increase of the layer thickness has been described before for 
the LbL assembly.
[44]
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Figure 8-6: Thickness of the composite layers as a function of the number of dipping cycles for 70 to 220 
dipping cycles, as measured by a profilometer. For this investigation, the concentrations were 0.01% for the 
chitosan solution, 0.2% for the α-ZrP suspension, and the pH was adjusted to 5. 
 
Table 8-1 also provides thickness values for samples prepared at different pH values. It is 
well-known that the difference in the zeta potential is an important parameter for the 
deposition of a polyelectrolyte and nanoparticles in the LbL assembly process. For the system 
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chitosan/α-ZrP, the difference in zeta potentials is highest at a pH value of 5 (see Figure 8-2), 
but also at pH values between 4 and 6.5, this difference is large enough to allow for the 
construction of an LbL deposition assembly. However, such subtle changes as a change in the 
pH value can influence the structure of the assembled film significantly, in particular close to 
the solubility limit of chitosan at pH = 6. Therefore, in the experiments described in the 
following, the pH value was varied. These were performed with a concentration of the α-ZrP 
suspension of 0.2% and a concentration of the chitosan solution of 0.01%. The chitosan 
solution was adjusted to a pH value of 4, 5, or 6, respectively, and films were deposited with 
220 or 240 cycles. Furthermore, some experiments were carried out at pH = 7, where chitosan 
should precipitate and the solution is not stable anymore. The layer thickness decreases for 
samples prepared at the lowest and the highest pH value. As already pointed out, at the 
highest pH the chitosan solution is not stable and therefore the polymer is no longer 
completely available for adsorption. However, it is interesting to note that a LbL-film could 
be produced at pH = 7. The small value observed for the sample prepared at the lowest pH 
value may be caused by the more extended conformation due the increased number of 
protonated amino groups with decreasing pH. In summary, these experiments show that the 
LbL assembly at pH 5 gives the best results, namely the best structural order as indicated by 
the low surface roughness and the largest thickness. 
 
8.4.4 Mechanical Properties 
The mechanical properties of the composite films are not only of interest for possible future 
applications, but they also reflect the composition and the structural ordering and are thus 
important for the evaluation of composites prepared under various conditions. Since the 
composites are films of several micrometers thickness only, the Young’s modulus and 
hardness have been determined by nano-indentation. The indentation depth was restricted up 
to 200 nm for the thinner and to up to 600 nm for the thicker samples, respectively, in order 
to avoid any influence of the underlying substrate. The results summarized in Table 8-2 
indicate a strong influence of the chitosan concentration on the mechanical properties. 
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Table 8-2: Mechanical properties of chitosan/α-ZrP composites produced at pH 5 by LbL assembly. 
Entry 
Concentration  
(chitosan wt.%) 
Concentration  
(α-ZrP wt.%) 
Number of 
cycles 
pH 
Young’s 
modulus (GPa) 
Hardness  
(MPa) 
1 0.001 wt% 0.2 wt% 215 5 0.66 33 
2 0.010 wt% 0.1 wt% 107 5 0.80 26 
3 0.010 wt% 0.2 wt% 100 5 1.15 48 
4 0.100 wt% 0.1 wt% 107 5 1.76 46 
5 0.010 wt% 0.2 wt% 70 5 1.34 49 
6 0.010 wt% 0.2 wt% 100 5 1.15 48 
7 0.010 wt% 0.2 wt% 130 5 1.75 50 
8 0.010 wt% 0.2 wt% 160 5 2.46 71 
9 0.010 wt% 0.2 wt% 190 5 2.30 55 
10 0.010 wt% 0.2 wt% 220 5 2.60 70 
11 0.100 wt% 0.2 wt% 120 5 2.15 59 
12 0.100 wt% 0.2 wt% 240 5 1.04 25 
 
For samples prepared using a concentration of 0.001% chitosan, the values for the Young’s 
modulus (0.66 GPa) and hardness (33 MPa) are very low. As has already been proposed, at 
this low chitosan concentration the amount of polymer adsorbed was probably not sufficient 
to enwrap all the particles and to fill all the gaps between the platelets. Thus, there is only 
minor contribution of the polymer to the properties of the composite. Expectedly, increasing 
the chitosan concentration during sample preparation to 0.01% or 0.1% improves the 
mechanical properties (see Table 8-2, entries 2, 3 and 4). However, the concentration of 
α-ZrP platelets in the suspension is important, too. This fact can be noticed when comparing 
entry 2 and 3 in Table 8-2. Although the SEM images suggested very similar well-ordered 
structures (see Figure 8-3A and B, respectively), the material obtained at an α-ZrP 
concentration of 0.2% shows higher values for the Young’s modulus and the hardness than 
the LbL assembly produced with a lower concentration of α-ZrP platelets. Thus both 
components interact more effectively when the concentrations are carefully adjusted. It has 
been shown previously that adjusting the conformation of the polymer is necessary for 
maximizing the interaction with the nanoscale platelet.
[40]
 The conformation of the adsorbed 
polymer depends on the degree of protonation (and with that on the pH), but also on 
parameters like concentration and adsorption kinetics.  
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As an optimal combination a chitosan concentration of 0.01% and a α-ZrP suspension 
concentration of 0.2% have been found here. These concentrations were used to investigate 
the influence of the number of dipping cycles used in the preparation (and thus of the 
thickness of the composite films) on the mechanical properties. As can be seen from the data 
presented in Table 8-2 (entries 5-10) and Figure 8-7 an increase of the number of cycles 
improves the mechanical properties of the composites. The increase of the Young’s modulus 
is more pronounced. However, the linear regression drawn in Fig. 8 might be somewhat 
misleading and the data for the films prepared with more than 160 dipping cycles can be also 
considered as a kind of a saturation behavior. The hardness is not changing so strongly with 
the number of dipping cycles.  
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Figure 8-7: Young’s modulus and hardness of the composite layers as a function of the number of dipping 
cycles for 70 to 220 dipping cycles, as measured by nano indentation. For this investigation, the concentrations 
were 0.01% for the chitosan solution, 0.2% for the α-ZrP suspension, and the pH was adjusted to 5. 
 
Samples with similarly good mechanical properties (Young’s modulus > 2 GPa and hardness 
> 50 MPa) can also be obtained with a higher concentration of the chitosan solution of 0.1%, 
but only when a small number of dipping cycles (120) is used (Table 8-2, entry 11). For a 
thicker film obtained after 240 dipping cycles (Table 8-2 entry 12) the values are clearly 
inferior. This observation can be rationalized when the ordering in the sample is taken into 
account. A comparison of the SEM images in Figure 8-3B and C showed that the LbL 
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assembly prepared using 120 cycles are nicely ordered, whereas after 220 cycles the 
composite film exhibited stronger corrugation. The concentrations identified here to yield 
optimal mechanical properties (α-ZrP suspension concentration of 0.2% and a chitosan 
solution concentration of 0.01%) also have been shown to give the most regular structure and 
the thickest films with the lowest roughness.  
It can be expected that the change in the polymer conformation and the structural differences 
found for LbL assemblies prepared at different pH values also influence the mechanical 
properties. Thus the Young’s modulus and hardness of LbL assemblies obtained after 240 
cycles at different pH values of the chitosan solution (4, 5, 6) were measured and are 
summarized in Table 8-3. It is evident that the values for these properties are significantly 
lower for the sample assembled at a pH of 4 compared to the films deposited at pH values of 
5 and 6. This reflects the small thickness of the sample prepared at a pH of 4 as reported in 
Table 8-1. In any case, as stated already above, there appears to be an optimum pH of the 
chitosan solution when used for the preparation of chitosan/α-ZrP composites, which lies 
around 5. 
 
Table 8-3: Mechanical properties of chitosan/α-ZrP composites prepared with different pH-values of the 
chitosan solution. 
Entry 
Concentration  
(chitosan wt.%) 
Concentration  
(α-ZrP wt.%) 
Number of 
cycles 
pH 
Young’s 
modulus (GPa) 
Hardness  
(MPa) 
1 0.01 wt% 0.2 wt% 240 4 1.05 19 
2 0.01 wt% 0.2 wt% 220 5 2.60 70 
3 0.01 wt% 0.2 wt% 240 6 2.55 75 
 
In the work presented here, the best mechanical properties for a LbL assembled composite 
film were obtained with 220 double layers prepared from a 0.01% chitosan solution and a 
0.2% -ZrP suspension. The values of Young’s modulus of 2.6 GPa and a hardness of 
70 MPa are not exceptional in comparison to similar nacre-like assemblies which had been 
reported before. Podsiadlo et al. described for free standing film of a composite material of 
chitosan-montmorillonite with an Young’s modulus of 6.1 GPa and an ultimate strength of 
900 MPa whereas the pure chitosan showed Young’s modulus of 1.9 GPa and a ultimate 
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strength of 31.6 MPa.
[40]
 These authors used chitosan of an average molecular mass of 
6 300 000 Da which is 25 times higher than the material used in this work. The higher 
molecular mass of the polymer could be a reason for the improved mechanical properties, but 
another aspect to be considered in the comparison of such values is the analytical method 
employed. Podsiadlo et al. determined the mechanical properties from stress strain curves of 
a free standing film while here nano-indentation was used. The same group has also 
investigated composites of montmorillonite (MTM) with poly(diallyldimethylammonium) 
chloride (PDDA). The Young’s modulus and hardness for PDDA-MTM composites were 
better than for the chitosan-MMT composites despite the fact that PDDA is a much weaker 
polymer than chitosan.
[25]
 This can be reasoned by taking into account the different molecular 
structures. The density of potentially charged amino groups is significantly higher for PDDA. 
Therefore a stronger interaction between the polymer chains and the nanoparticle surface can 
occur. The cohesive strength in the PDDA-MTM composite was estimated to be 4 times 
higher than in the chitosan-MTM composite film.
[25]
 Furthermore, the more flexible PDDA 
backbone can be stretched upon stress which could contribute to stress dissipation. Chitosan 
as a polysaccharide has a stiffer polymer backbone than PDDA.
[40]
 Therefore, replacement of 
chitosan by other polymers with higher molecular weight and stronger interactions with the 
inorganic platelets might significantly improve the mechanical properties of the LbL 
assemblies with -ZrP nanoparticles. In some cases, the biocompatibility of other polymers 
may first have to be established with regard to the biomedical applications envisaged. 
 
8.5 Conclusion 
Layered composites of -zirconium hydrogenphosphate hydrate (-ZrP) platelets and 
chitosan were prepared by layer-by-layer assembly. The growth and structural features of the 
composite films were studied along with their mechanical properties. A concentration of 
0.2 wt% for the α-ZrP suspension and 0.01 wt% for the chitosan solution was found to be 
optimal for the deposition of a layered composite material consisting of around 200 bilayers. 
A higher concentration of chitosan (0.1 wt%) was ideal for composites up to 120 bilayers. 
Lower concentrations of both components resulted in an inferior alignment of the platelets 
and lower values for Young’s modulus and hardness. Best results were obtained when the 
chitosan solution had a pH value of 5 or 6. Composites obtained with chitosan solutions at pH 
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4 showed inferior alignment of the particles and reduced mechanical properties. The limited 
solubility of the chitosan at pH > 6 and the extended conformation at lower pH might be 
reason for non optimal interaction with the nanoscale -ZrP platelets. This results in only 
moderate mechanical properties.  
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8.7 Supporting Information 
Synthesis of the morphology-directing polymer  
Poly(vinylphosphonic acid-co-acrylamide) (pVPA0.25-co-AAM0.75) was synthesized as 
described elsewhere.
[45]
 Briefly, dibenzoyl peroxide was used as initiator (0.7 wt% based on 
monomers) and the polymerization was carried out in dioxane at 80 °C. Care was taken to 
keep the conversion below 25% in order to obtain well-defined copolymers. 
Synthesis of α-zirconium hydrogenphosphate hydrate 
α-Zirconium hydrogenphosphate hydrate (α-ZrP) was prepared according to a modified two-
step method, consisting of a precipitation and a crystallization step.
[46]
 Zirconyl chloride 
octahydrate was dissolved in 20 mL deionized water and added to cooled phosphoric acid 
(1 M) containing pVPA0.25-co-AAM0.75. The concentration of the copolymer was adjusted in 
a way that the number of zirconium cations to phosphonic acid groups of the copolymer (Zr/P 
ratio) was 9.4:1. The solid precipitate was isolated by centrifugation, washed with phosphoric 
acid (5%) and water and then dried at 55 °C. In a second step, this primary product was 
dispersed in phosphoric acid (10%) and stirred for 200 h at 115 °C. The solid was recovered 
by centrifugation, washed with water until neutrality, and finally dried at 55 °C. It was 
identified as -zirconium hydrogenphosphate hydrate using powder X-ray diffraction. 
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Figure 8-8: XRD patterns of the products of syntheses carried out without any polymeric additive (pure α-ZrP) 
and of the products of syntheses carried out with pVPA-co-AAM (Zr/P ratios of 4.7:1 and 9.4:1, respectively) in 
comparison to data from ref.[37]  
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9 Nacre Inspired Assembly of Organic- Inorganic Composites, 
Characterization and Mechanical Properties 
 
9.1 Introduction 
Combining the properties of organic and inorganic components in the form of hybrid 
composite is a matter of interest because of the improved mechanical properties. In nature 
biological materials can be found build up by organic and inorganic components with modest 
mechanical performance, however, showing surprisingly high toughness, strength and 
modulus.
[1]
 Thanks to their complex hierarchical structure their mechanical properties are 
exceptional. Nacre the inside layer of mussels is a striking example. Due to superior 
mechanical properties along with bio-compatibility seashell nacre is a material of interest. A 
peculiar microstructure described as a “brick and mortar” arrangement of the aragonite 
platelets (200-900 nm thick) bonded by protein layers (10 to 50 nm) has resulted in superior 
strength and toughness e.g. fracture toughness is 3000 times higher than that of the pure 
mineral.
[2-3]
 These exceptional properties are because of different mechanisms such as platelet 
sliding, organic material adhesion, presence of asperities and, importantly, the waviness of 
the aragonite platelets which generates progressive locking, hardening and spreading of non-
linear deformation around defects and cracks.
[4]
 In nacre, a crack cannot move through the 
platelets but has to travel around them, the resulting increased crack length then being 
responsible for an enhanced work of fracture.
[4-5]
 The structural pattern found in nacre has 
inspired scientist to design new biomimetic materials.
[6-11]
  
Controlled freezing is one way of getting such hybrid materials. A porous scaffold of the 
ceramic particles was obtained by controlled freezing of a suspension of alumina followed by 
filling with organic component.
[12]
 Burghard et al. has employed chemical bath deposition to 
produce nano-composite films which were made up of alternating layers of TiO2 and ZnO as 
inorganic component and polyelectrolytes as organic component.
[13-14]
 
A simple and well-established method to synthesize layered materials is the layer-by-layer-
deposition.
[15]
 This procedure is limited not only to polyelectrolytes but nearly any type of 
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macromolecular species, inorganic clusters, nanoparticles and plates, polysaccharides and 
proteins can be successfully used as building blocks.
[16]
 This technique can be applied for the 
fabrication of multilayer films of variable thickness and composition. Using delaminated 
montmorillonite and solutions of chitosan or poly(diallyldimethylammonium) chloride a 
layered composite material with better mechanical properties is reported by Tang and 
Podsiadlo et al.
[7, 17]
 A composite material with an ordered layered structure resembling that 
of nacre is fabricated by layer-by-layer assembly making use of pre-synthesized α-zirconium 
hydrogenphosphate hydrate (ZrP) platelets and chitosan.
[18]
 In general most of LBL 
deposition methods exploit electrostatic interaction arising from the opposite charge of the 
constituting components
[19-20]
, however, LbL films have been constructed with hydrogen 
bonding too.
[21-22]
 
Bonderer et al. deposited alumina platelets together with chitosan by combining dip- and 
spin-coating techniques.
[22]
 By using alumina platelets, which are stronger than clay platelets, 
materials possessing very good mechanical properties were obtained. However, the content of 
organic material in the composite prepared by this method is very high (85 to 90%), quite 
unlike to nacre. The good mechanical properties were attributed to the favorable aspect ratio, 
which favors fracture mechanism by platelet pullout.  
Mussels are capable of adhesion to stones and other water submerged objects by secreting 
proteins rich in catechol and amine functionalities.
[23]
 These proteins serve the role of cement 
and help in adherence. A mimic of the mussel adhesive proteins is synthesized by 
copolymerizing dopamine methacrylate with methoxyethyl acrylate presenting adhesion 
under wet and dry conditions.
[24]
 Based on this biomaterial, it has been reported that 
dopamine forms thin films on the surface of a variety of organic and inorganic materials like 
metal oxides, polymers, noble metals and ceramics via coordination, covalent or hydrogen 
bond.
[25-26]
 Lee et al. have investigated the interaction of dopamine with organic and 
inorganic surfaces with the help of dopamine modified tip of AFM. Dopamine adheres 
strongly and reversibly to the titanium surface via coordination bonds. No hysteresis between 
approach and pull off curves was observed by replacing dopa with PEG on the tip of 
cantilever indicating that only dopa interacts with the titanium surface. Bond dissociation 
energy determined was close to the bond formed between dopamine and titanium oxide. 
Additionally the same tip of AFM was tested with an amine substituted silicon surface. From 
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the calculation of pull off force it has been revealed that a covalent bond is formed between 
dopa and amine at the surface.
[26]
 
Adhesion of the polymer to the clay platelets and thus increasing the load transfer was 
achieved by using polymers containing 3,4-dihydroxyphenylalanine (DOPA) groups. The 
DOPA groups can also be cross-linked by complex formation with Fe
3+
 ions. Employing this 
self cross-linking mechanism, an improvement in the mechanical properties of the 
corresponding composites was observed.
[27-28]
  
Based upon these observations it has been proposed that there should be a possible interaction 
between HES modified with dopamine and aluminium oxide platelets which were modified 
with terminal amine functionality. Here we report on the LBL preparation of nacre like 
material which is constructed from alumina platelets and hydroxyethyl starch modified with 
dopamine. Alumina platelets used have close resemblance to aragonite as found in nature and 
their aspect ratio is also close to that found for the platelets in nacre. It is expected that this 
combination of polymer and inorganic component should result in a composite with 
interesting mechanical properties. 
 
9.2 Materials and Methods 
Hydroxyethyl starch (Mw 130 000) was obtained from Fresenius Kabi (Bad Homburg, 
Germany). 4-(dimethylamino)pyridine (DMAP, purum), diglycolicanhydride (DGA, >90%), 
dopamine (DA, 99%), N,N′-dicyclohexylcarbodiimide (DCC, 99%), dimethylsulfoxide 
(DMSO, puriss), (3-aminopropyl)triethoxysilane (ATES, 98 %) and 2-(3,4-
dihydroxyphenyl)ethylamine (dopamine, DA, 99%) were purchased from Sigma-Aldrich 
(Steinheim, Germany). Dimethylformamide (DMF, HPLC grade) and N-hydroxysuccinimid 
(NHS, 98%) were purchased from Acros Organics. Methanol 99.8 % was obtained from 
Fisher Scientific. Roth ZelluTrans dialysis tubes with a MWCO of 12000-14000 were used 
for purification. Aluminium oxide platelets (alusion) were obtained from advanced 
nanotechnology limited (Australia). Glass slides were used as substrate with dimensions 
3.7x2.5 cm. A plasma cleaner “Femto” from Plasma Surface Technology Germany was used 
to clean the substrate surface. 
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9.2.1 Synthesis of Hydroxyethyl starch-diglycol (HES-DG)  
The reaction scheme for the modification of dextran was generalized for HES.
[29]
 HES (50 g, 
271.49 mmol) was dissolved in 1 L DMF (HPLC grade) at RT under nitrogen. After cooling 
to 0 °C (8.28 g, 67.8 mmol) DMAP and one hour later (7.795 g, 67.9 mmol) DGA were 
added to the solution and stirred over night under nitrogen. Contents of the reaction were 
dialysed for 3 days followed by freeze drying. This process has resulted a white HES-DG 
with a conversion of 67%. A modified HES-DG was kindly provided by A. Bertz
*
. 
1
H-NMR (D2O, 300 MHz): δ 3.41-4.08 (8H, HES glucosidic protons), 4.34-4.39 (4H, -CH2-
O-CH2-), 5.43 and 5.70 (4H, HES ethyl protons) ppm.  
IR (KBr, cm
-1
): 3400 (υCOOH), 2900 (υCH2), 1740 and 1230 (υCOOR), 1150 (υCO). 
 
9.2.2 Synthesis of of Hydroxyethyl starch-diglycol-dopamine (HES-DG-DA) 
HES-DG (2 g, 7.5 mmol) was dissolved in 80 mL DMSO at RT under nitrogen. DCC 
(0.784 g, 3.8 mmol), NHS (0.518 g, 4.5 mmol) and dopamine (4.5 g, 0.89 mmol) were added 
to the solution and the mixture was stirred at RT under nitrogen for 24 h. The product was 
purified by dialysis and isolated by freeze-drying as a white powder. yield, 1.23 g (57%).  
1
H-NMR (D2O, 400 MHz): δ 6.55-6.94 (3H, DA aromatic protons), 5.83 and 5.13 (4H, HES 
ethyl protons), 4.35 (4H, -CH2-O-CH2-), 4.28-3.11 (8H, HES glucosidic protons), 2.91-2.58 
(4H, -CH2-CH2-) 
Elemental Analysis: H, 6.71; C, 44.88; N, 0.97 
DS (elemental analysis): 21 % 
 
                                                 
*
 Institute for Technical Chemistry, TU Braunschweig. 
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9.2.3 Surface Modification of Alumina Platelets 
The chemical nature of inorganic platelets was modified with (3-aminopropyl)triethoxysilane 
(ATES).
[22]
 To 37.7 ml of water 12.6 ml of methanol was added in a volume ratio of 3:1. To 
this solution 5.02 ml of ATES was added and stirred for about an hour to hydrolyze ATES. 
To this solution 2 g of alusion (aluminium oxide) were added and the mixture was brought to 
ultrasonication for 5 minutes. The contents were heated at 40 °C for 30 minutes with stirring. 
The platelets were separated by centrifugation at 3800 rpm and washed five times with 
ethanol. Finally modified platelets were diluted with ethanol to prepare 1 vol. % suspension 
of modified alusion.  
 
9.2.4 Fabrication of Composite Material 
Glass slides were cleaned with acetone and dried in a flow of nitrogen. The surface of the 
slides was made free of organic impurities by a treatment with a plasma cleaner for 30 
minutes. Dopamine substituted HES-DG-DA solution 0.5 volume % was prepared in 
millipore water. Modified platelets were suspended on the air water surface in a glass vessel 
of 11 cm diameter. This was done by hand shaking the platelet stock solution followed by 
uptake of 2 ml of this suspension with the help of a syringe. The suspension from syringe was 
added carefully onto the water surface. Initially platelets were not evenly distributed however 
an ultrasonication for 30 minutes made a homogenous Langmuir film at the surface. For the 
construction of composite the glass slide was dipped into the polymer solution for 2 hours 
and dried in oven at 50 °C. In the next step glass slide was held horizontally with tweezers 
and brought carefully under the water to transfer platelets to the glass substrate and dried 
again at 50 °C. This procedure makes one layer and is repeated until the desired number of 
transferred layers is reached. 
 
9.2.5 Characterization 
The mechanical properties of the fabricated composites were investigated by nano-
indentation with a Nano Indenter XP from MTS Nano Instruments (Oak Ridge, Tennessee) 
equipped with a Berkovich indenter. All measurements were performed in the continuous 
stiffness mode (CSM). Modulus (E) and hardness (H) were derived from the loading curve of 
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the graph in dependence of the penetration depth. Average values and standard deviations 
were calculated with the software Analyst. Thicknesses of the LbL samples were measured 
by a DekTak 8 stylus profilometer from Veeco, Mannheim, Germany. The stylus tip radius 
was 5 µm at force of 3 mg. The morphology of the product was investigated via SEM. 
Images were collected on a field-emission scanning electron microscope type JSM-6700F 
from Jeol (Eching, Germany) with an acceleration voltage of 2 kV and a working distance of 
3 or 8 mm. 
 
9.3 Results and Discussion 
Adhesive proteins found in mussel are rich with cathechol and amine functionality and 
therefore are capable of adhering to almost all organic and inorganic surfaces. Synthetic 
polymers modified with these functionalities have a potential to be used as building block in 
LbL assemblies. HES was modified with dopamine from an ester containing diglycolic group 
in a two step synthesis as illustrated in Figure 9-1. 
 
 
 
Figure 9-1: Synthetic scheme for HES-DG-DA 
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Diglycolicanhydride (DGA) was reacted with HES in the first step yielding carboxylic end 
groups. A degree of substitution of 67 % was achieved calculated from the 
1
H-NMR integrals 
(not shown here). In the next step HES-DG was modified with dopamine where amino group 
of dopamine was coupled to the carboxyl groups of HES-DG. This coupling took place by the 
activation of carboxyl group using DCC and NHS. Dialysis of the reaction contents has 
removed any unreacted species. 
1
HNMR of freeze dried polymer is given in Figure 9-2.  
 
Figure 9-2: 
1H NMR spectra of HES-DG-DA 
 
The aromatic hydrogen signals around 6.5 to 6.9 are indicative of the successful addition of 
dopamine to the polymer. The degree of substitution was 21 % determined from nitrogen to 
carbon ratio from elemental analysis. 
Size measurements of the alusion platelets were performed on two different composite 
materials with a top view in SEM shown in Figure 9-6. Data was analyzed with image 
processing and analysis software “Image J”. Randomly 69 different platelets on the surface of 
two different samples were selected for this purpose. Aluminium oxide platelets are in the 
range of 2.2 µm to 13.6 µm with an average diameter of 7.11 ± 2.82 µm. Beside smallest 
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platelets of 2.2 µm there were smaller particles in the form of debris. In a similar way 
thickness of the individual platelet was also calculated from the side view of the fracture 
surface of the composite material. Altogether platelets at 17 different points were analyzed 
resulting in 329±58 nm thickness. It is noteworthy that thickness measurement by this way is 
not an absolute method however it can be used as a rough estimate. The reason lies in that 
during SEM, neither the sample under investigation is lying exactly at vertical position to the 
viewing angle nor the cutting edge of the substrate is exactly perpendicular. 
A stable suspension of -ZrP platelets with a diameter of few hundred nanometers was 
prepared by ultrasonication.
[18]
 As alusion platelets were of comparatively bigger size than -
ZrP platelets, it was not possible to make a suspension by simple ultrasonication of the 
platelets as received. They need to be modified to disperse them so that can be used in the 
fabrication of a layer composite. The surface was modified with hydrophobic silane species 
containing amine terminated functionality.
[22]
 ATES is a well established reagent to modify 
glass surfaces. The terminal amine group at the so modified surfaces can be used to attach 
proteins, drug molecule and DNA.
[30-31]
 This modification also allows to spread the platelets 
at the air water surface.
[22]
 Platelets were not fully dispersed when added to the water in the 
beginning; however, ultrasonication of the suspension has resulted in evenly distributed layer 
(Figure 9-3). After the formation of very smooth and highly oriented platelets, they can be 
transferred to a glass substrate by a dipping procedure. 
 
 
Figure 9-3: Modified aluminum oxide platelets (A) as transferred (B) after sonication 
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The choice of dopamine modification is inspired by mussels adhesive proteins. Based on this 
bio material, it has been reported that dopamine form thin films on the surface of a variety of 
organic and inorganic materials like metal oxides, polymers, noble metals and ceramics via 
coordination, covalent or hydrogen bonding.
[23,25-26]
 
Lee et al. have investigated the interaction of dopamine with organic and inorganic surfaces 
with the help of dopamine modified tip of AFM. Dopamine adheres strongly and reversibly 
to the titanium surface via coordination bonds. No hysteresis between approach and pull off 
curves was observed by replacing DOPA with PEG on the tip of cantilever indicating that 
only DOPA interacts with the titanium surface. The determined bond dissociation energy was 
close to the bond formed between dopamine and titanium oxide. Additionally the same tip of 
AFM was tested with an amine substituted silicon surface. From the calculation of pull off 
force it has been revealed that a covalent bond is formed between DOPA and amine at the 
surface.
[26]
 Based upon these observations it has been proposed that there should be a possible 
interaction between HES modified with dopamine and aluminium oxide platelets which were 
modified with terminal amine functionality. This modification achieved by ATES serve two 
important functions. Firstly hydrophobic modification help to orient platelets at the air water 
surface and secondly amines are available for an interaction with the dopamine groups. A 
covalent bond is expected between dopamine and surface bound amine. As mentioned earlier 
dopamine is also capable of interacting directly to the titanium oxide surface and a similar 
mechanism can be thought of for aluminium oxide surface. A schematic illustration of 
possible adhesion mechanism is given in Figure 9-4. 
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Figure 9-4: Schematic illustration of possible interaction mechanisms HES-DG-DA with alusion 
 
Composites were constructed on glass slides with up to 9 layers of alusion and polymer. SEM 
images of fabricated composite materials are given in Figure 9-5. 
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Figure 9-5: SEM of hybrid composite material (A) and (B) 8 layers, (C) 9 layers, (D) 2 layers 
 
On the SEM images the glass substrate can be seen at the bottom. Inorganic platelets are 
stacked upon the glass substrate according to brick and mortar assembly. As found in nacre 
some of the platelets are overlapping on the neighbouring platelets as can be seen in Figure 
9-5B. Beside major platelets there is debris found in between the layers. In Figure 9-6 a top 
view of a 8 layer composite is presented. Homogenously distributed platelets are found at the 
top surface, however, there are few voids which are more visible at higher magnification 
shown in Figure 9-6B.  
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Figure 9-6: SEM top view of fabricated composite 8 layers 
 
These blank areas might appear during the transfer of platelets from the water surface 
although care has been taken to shift the platelets without disturbing their alignments during 
this manual transfer to glass slide. A void at one particular point is covered by the under lying 
layer. Layer deposition was always started and ended with polymer layer by dipping into the 
dopamine substituted polymer. The surface topology was also verified by AFM as illustrated 
in Figure 9-7. Non alignment at the platelets can be seen here. Furthermore, the gaps between 
the platelets are visible here too. 
 
 
Figure 9-7: AFM surface analysis of composite 
 
As discussed earlier, SEM is not an exact method for determining the thickness from side 
view. As an alternative a profilometer was used for this purpose which is a non destructive 
method for thickness measurement with higher accuracy for the kind of samples used here. 
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The vertical depth was measured along a horizontal length with a stylus force of 3 mg so as 
not to destroy the surface and scan only the surface coated material. In general two scans 
were performed on each sample at different places. Thickness profiles of two composite 
materials are shown exemplarily in Figure 9-8.   
 
Figure 9-8: Thickness and roughness profile of composite film (A) 2 layers (B) 9 layers 
 
The measurement starts on the naked surface of the glass slide. This region is very flat and 
was used to define zero height. Then a gradual increase can be observed (between 2 to 4 mm 
scanned distance) where the coated area begins. In the flat region (from 4 to 10 mm for 
example in Figure 9-8B) the thickness of the film was determined. The spiking in the 
profilometer scans corresponds to misaligned platelets and the “noise” in the profilometer 
signal is indicative of a certain roughness of the LbL assembled material.  
In order to observe the increase in the thickness of the LbL assembled composite films, a 
series of composites was fabricated with the number of layers varying between 2 to 9. The 
thickness of each sample was determined from the profilometer scans on each film; the scans 
were averaged in the plateau region and the standard deviation was used as error of the 
measurement and is a measure of the fluctuations in the thickness.  
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Figure 9-9: Thickness of the composite as measured by a profilometer 
 
There is a continuous increase in the thickness with additional layers being deposited and 
trend line was drawn passing through zero. All samples are lying on a straight line with 
continuous addition of polymer and inorganic platelets. 
In spite of the fact that SEM does not provide accurate information about thickness it was 
additionally estimated with SEM images for three samples for a general comparison purpose 
as summarized in Table 9-1. 
 
Table 9-1: Thickness and roughness profile from profilometer and SEM 
Layers Thickness µm 
(Profilometer) 
Std. Dev. Thickness µm 
(SEM) 
2 2.22 0.61 2.03 
6 5.51 1.54  
7 6.25 0.95 5.93 
8 7.40 1.21  
9 8.19 0.69 8.17 
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The data obtained from SEM are slightly different in comparison to the profilometer but 
within the standard deviation. Profilometer measurements were performed along the surface 
with thousands of data point while SEM was restricted only to five to six spots. 
 
9.3.1 Mechanical Testing 
The composite films fabricated were in the range of 8 µm thickness making nano-indentation 
an appropriate method for determining the mechanical properties. Samples were tested in an 
array of 5x5 µm at a distance of 25 µm at two different places. Typical load (P) displacement 
curves are presented in Figure 9-10. 
 
 
Figure 9-10: Load displacement curves in nanoindentation experiments 
 
From these curves values of hardness (H) and Young’s modulus (E) can be determined as 
reported by Burghard et al.
[32]
 This mode of measurement is affected greatly and very 
sensitively by the substrate on which indentation takes place. This is particularly true for 
indentation depth greater than 20 % of the total thickness of the sample under observation.
[33]
 
Because of the surface roughness indents were performed on smoother areas and limited to 
200 nm depth. The data obtained was analyzed with the method of Olive and Pharr
[34]
 and 
results are summarized in Table 9-2. A composite with 9 layers has shown highest values of 
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10.8 GPa for modulus a hardness of 0.35 GPa.  In comparison, composite with 7 layers gave 
a hardness of 0.53 GPa, however, it is important to note that the hardness of sample 7 has 
shown double of standard deviation than sample with 9 layers. Therefore within the error of 
the measurement the data is comparable. The values obtained for 9 layered sample with E 
modulus of 10.8 GPa and a hardness (H) of 0.35 GPa are comparable to and often better than 
similar nacre-like assemblies which had been reported. Young’s modulus of DOPA-Lys-PEG 
with montmorillonite has a reported value of 4.6 GPa for modulus which has increased to 6.8 
GPa after crosslinking.
[35]
 The values presented here are even better than previously reported 
composites of chitosan with ZrP (E=2.60 GPa, H=70 MPa).
[18]
 In another report using alusion 
with chitosan a modulus of 9.6 GPa has been given.
[22]
 
 
Table 9-2: Mechanical properties of composite with different number of layers 
Layers Modulus (E) GPa Hardness (H) GPa 
6 7.8 ± 2.23 0.34 ± 0.11 
7 9.6 ± 3.78 0.53 ± 0.22 
8 6.2 ± 2.56 0.31 ± 0.17 
9 10.8 ± 3.11 0.35 ± 0.10 
 
The good mechanical properties indicate a strong interaction between polymer and platelets, 
being responsible for the load transfer. This is a similar mechanism as found in nacre. 
Fabricated composite material looks very similar to the nacre structure (Figure 9-11). The 
significance of interlocking of platelets has been described as the most important 
phenomenon beside nano scale structure.
[36]
 In fabricated composite piling up can be seen 
along with interlocking where platelets are overlapping partially at their edges.  
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Figure 9-11: SEM images of (a) nacre[36] (b) fabricated composite 
 
9.3.2 Thermogravimetric Analysis 
TGA was performed with a heating rate of 10 °C to make a comparison between the 
constituting components and the composite made out of them. Pure aluminium oxide platelets 
show only 4.4 % mass loss while HES-DG-DOPA was fully degraded upon heating to 690 
°C. The composite material shows a mass loss of 28.7 %. Mass loss curve of the composite is 
similar to that of pure polymeric content. A major dip can be seen between 220 to 300 C°, 
and followed by a second degradation step in the temperature range from 300 to 410 C° 
(Figure 9-12). 
 
Figure 9-12: Thermogravimetric analysis of pure polymer, alusion and composite material 
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 From TGA curves, mass content of the pure polymeric part within composite can be 
estimated by subtracting relative mass change due to alusion from the total mass change of 
composite. In this way pure polymer content was found to be around 27 % of the whole 
composite material. This load of organics in the construction is comparable to other 
fabricated films of this kind.
[17, 37]
 However, the polymeric protein part found in nacre is 
around 5 % only.
[5]
 
 
9.4 Conclusion 
Layered composites of hydroxyethyl starch-diglycol-dopamine (HES-DG-DA) and 
aluminium oxide platelets (alusion) were prepared by layer-by-layer assembly. Alumina 
platelets were surface modified with (3-aminopropyl)triethoxysilane (ATES) while 
hydroxyethyl starch was modified with dopamine for better adhesion. Composite films were 
constructed with up to 9 bilayers of alusion and polymer. The growth and structural features 
were studied along with their mechanical properties. Fabricated composite material looks 
morphologically similar to the nacre microstructure. Inorganic platelets were stacked 
according to brick and mortar assembly with some of the platelets overlapping on the 
neighbouring platelets which provide interlocking. A continuous increase in the thickness 
with additional layers being deposited was observed with a maximum thickness of 8.2 µm. 
Composite with 9 bi-layers has shown values of 10.8 GPa for E-modulus and 0.35 GPa for 
hardness. These values were found comparable and often better to similar nacre-like 
assemblies. Polymeric content of the fabricated composite was found around 27 %. 
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10 Summary and Outlook 
Aim of this thesis was to mimic structural features found in nacre to fabricate composite 
materials as a tough ceramic material and to explore the mechanical properties. Structural 
pattern found in nacre at micro level, so called “brick and mortar” assembly is formed in the 
presence of a mixture of proteins rich in acidic amino acids. Calcium carbonate in the form of 
aragonite is deposited in the form of platelets with polymeric material in between serving as 
gluing agent. To mimic this hierarchical pattern, an appropriate inorganic material and an 
adhesive polymeric partner are required.  
Specific polymers are required that can be used as crystallization controlling agents in order 
to synthesize inorganic platelets. For this purpose different phosphonic acid functional 
polymers and copolymers were synthesized. Properties of the basic polymer chains were 
altered by copolymerization with different monomers to get desired properties. 
Vinylphosphonic acid (VPA) was copolymerized with acrylamide (AAM), 
dimethylacrylamide (DMAA) and vinylimadazole (VI). (Ethyl 2-[4-(dihydroxyphosphoryl)-
2-oxabutyl]acrylate)-co-(dimethylacrylamide) (EDOA) was homo- and copolymerized with 
dimethylacrylamide (DMAA). Another phosphonic acid functional monomer vinylbenzyl 
phosphonic acid (VBP) was copolymerized with 4-vinylpyridine (VP). The copolymerization 
reactivity parameters were determined by establishing the relationship between the 
compositions of the copolymers and the different monomer concentrations. Results indicated 
alternative and statistical copolymers. Additionally some phosphonic acid homopolymers, 
phosphonate ester, bisphosphonate and phosphate functional polymers were synthesized. 
Inspired by the adhesive proteins of mussels a mimic was synthesized where hydroxyethyl 
starch was modified with 2-(3,4-dihydroxyphenyl)ethylamine (dopamine), (HES-DG-DA). 
These polymers were tested for the controlled crystallization of hydroxyapatite, with a close 
resemblance to natural bone material and -Zirconium hydrogenphosphate hydrate, a 
biocompatible material which exhibits a layered structure. These experiments were conducted 
by B. Hering (ACI, University Hannover). HES-DG-DA (hydroxyethyl starch substituted 
with dopamine) addition had a considerable influence on the morphology of the 
hydroxyapatite depending strongly on the concentration. The product prepared with 
Ca/DOPA ratio of 18:1 has shown an interesting morphology in the form of blocks consisting 
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of stacked thin lamellae. The structure already resembles the structure of nacre. For a lower 
amount of the polymer comparable piles were observed, but the platelets were much thicker. 
A change in the concentration of added HES-DG-DA not only resulted in different structures 
but also different forms of calcium phosphate namely monetite and hydroxyapatite. A 
phosphonic acid homo polymer (2-methacryloyloxyethyl) phosphonic diacid (pMEPD) has 
resulted in a porous hydroxyapatite whereas needle like structures of different orientation 
were obtained under the influence of other copolymers. Within the scope of this study only 
inorganic material in the form of platelets was of interest to be used in the fabrication of 
composite material. 
Furthermore for controlled crystallization of -Zirconium hydrogenphosphate hydrate, it was 
observed that not only the content of phosphonic acid but also the monomer ratio within the 
copolymer is influencing the nucleation control. A copolymer of pVPA0.25-co-AAM0.75 (poly 
vinylphosphonic acid-co-acrylamide) in a Zr/P ratio of 9.4:1 led to the formation of platelets 
with a diameter between 200 and 400 nm and a high aspect ratio. Under the influence of other 
polymeric materials for example pVPA-co-DMAA poly (vinylphosphonic acid)-co-(dimethyl 
acrylamide) either partly aggregated or thick aggregated material was obtained as verified by 
SEM. The crystal modification was verified in all cases by XRD. 
For the construction of nacre like composites layer-by-layer assembly was chosen because of 
simplicity and good control on the architecture. First experiments were carried out with 
chitosan / montmorillonite and poly(diallyldimethyl ammonium chloride) / α-zirconium 
hydrogen phosphate in order to establish the preparation and analytical methods. Thicknesses 
of the layered material were determined with AFM and ellipsometry while nanoindentation 
was chosen as a method for mechanical characterization i.e. determination of the E-modulus 
and the hardness. Ellipsometry (because of strong light scattering) and AFM (because of high 
surface roughness) were not found to be suitable for the thickness determination at higher 
number of dipping cycles. However, profilometry can be employed for composite thickness 
measurement with high reproducibility. 
Layered composites of -zirconium hydrogenphosphate hydrate (-ZrP) platelets and 
chitosan were prepared by layer-by-layer assembly. The growth and structural features of the 
composite films were studied along with their mechanical properties with reference to the 
number of dipping cycles, concentration and pH. A concentration of 0.2 wt% for the α-ZrP 
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suspension and 0.01 wt% for the chitosan solution are found to be optimal. Lower 
concentrations of both components have resulted in an inferior alignment of the platelets and 
lower values for modulus and hardness. Best results were obtained when the chitosan solution 
had a pH value of 5 resulting in modulus of 2.6 GPa and hardness of 70 MPa. Maximum 
thickness obtained was around 6 µm. Composites obtained with chitosan solutions at pH 4 
showed inferior alignment of the particles and reduced mechanical properties. The limited 
solubility of the chitosan at pH > 6 and the extended conformation at lower pH might be 
reason for non optimal interaction with the nanoscale -ZrP platelets, leading to only 
moderate mechanical properties.  
Another LbL composite was constructed mimicking mussel proteins. Adhesive proteins 
found in mussels are rich in cathechol and amine functionality. They are capable to adhere to 
almost all organic and inorganic surfaces. A composite was prepared by LbL assembly using 
alumina platelets and hydroxyethyl starch. Alumina platelets used have close morphological 
resemblance to aragonite as found in nature and their aspect ratio is also close to as found in 
nacre. A continuous increase in the thickness of the composite layer was observed in 
profilometer measurement. Composite material with a thickness of 8 µm has resulted in 
modulus of 10.8 GPa with a hardness of 0.35 GPa. These values are comparable or even 
better as similar materials. Synthetic material looks very similar structurally to the original 
nacre as revealed by the SEM. 
The experiments presented here have shown that it is possible to prepare materials which 
have a nacre-like structure and interesting mechanical properties. First structure-property-
relationships were identified. However, with the methods used to prepare the materials it is 
not yet possible to obtain samples large enough to fabricate implants. For this purpose a fast 
method of material synthesis is required which can produce thicker composite material 
samples in short time. Controlled freezing of suspensions could be a method of choice for 
ordering the inorganic platelets. The porous scaffold obtained by this method can then be 
backfilled with an organic component thus resulting in a dense composite material. Synthesis 
of complex shapes with better mechanical properties should be possible with this technique. 
 
